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To achieve further miniaturization of semiconductor devices, extreme ultraviolet (EUV) lithography is employed for
patterning at the cutting-edge nodes. This technique necessitates the use of ultrathin resists (less than 50 nm thick) to
maintain pattern stability and meet depth of focus requirements. Typical cold plasmas used for dry etching are rich
in vacuum ultraviolet photons, which can cause unintended damage to these resists. This can further reduce the etch
budget and complicate pattern transfer. Thus, understanding the impact of these plasma photons on ultrathin resists can
be crucial for enabling pattern transfer of sub-10 nm features. Here, we investigate the effects of the vacuum ultraviolet
photons on three different models of ultrathin negative tone chemically amplified resists (CARs) along with polymethyl
methacrylate (PMMA) as a reference positive tone baseline resist. The resists were exposed to vacuum ultraviolet
photons using a deuterium lamp, to argon ions using an ion beam etch tool and to argon plasma using an inductively
coupled plasma etch tool. Using different characterization techniques, the variations in etch rate, surface roughness,
and bulk chemical changes of the resists under different processing conditions were examined. The applicability of the

Ohnishi number and ring parameter etch rate models to the resists and processing conditions used was also studied.

I. INTRODUCTION

Extreme ultraviolet (EUV) lithography (EUVL) is now be-
ing used for patterning critical layers in state-of-the-art semi-
conductor devices!. But there are still challenges limiting
the wide spread adoption of EUV lithography for high vol-
ume manufacturing (HVM). Among these is the need for
photoresist materials optimized for EUVL>3. EUV photons
(A=13.5nm, E=92¢V) interact differently than ArF photons
(A=193nm, E=6.4¢eV) with resist polymers. They possess
sufficient energy to ionize polymer resist molecules, which
typically have an ionization energy between 7 eV to 10eV*>.
This photoionization triggers a cascade of electron genera-
tion, accompanied by various molecular relaxation pathways.
The precise mechanisms of EUV-resist interactions remain
an active area of research, but it is believed to be primarily
driven by electrons rather than the EUV photons themselves®.
Hence, novel EUV resists are needed to accommodate this
changing photochemistry and also possess a high absorption
cross-section at 13.5nm for good sensitivity>. EUVL also
requires the resists to be ultrathin (less than 50 nm) for two
main reasons. Firstly, to maintain a low aspect ratio (height
to width of a line feature) for avoiding pattern collapse dur-
ing development®. An aspect ratio of 2:1 is typically pre-
scribed for high pattern stability. Secondly, to accommo-
date the decreasing depth of focus (DOF) of the next gen-
eration EUVL tools. The current workhorse EUVL tool (or
scanner), uses 13.5nm light in an optical projection system
with a numerical aperture (NA) of 0.33. The next generation
EUV scanners have a higher NA of 0.55. They are also re-
ferred to as High NA EUV scanners and are currently being
prototyped”8. As the NA increases, the DOF of imaging dur-
ing lithography decreases according to Rayleigh’s criteria and
recent simulations®. This further necessitates the need for ul-
trathin resists that lie within the reduced DOF for successful

imaging in the High NA EUV scanner®!°.

Currently, one of the main types of EUV resists being used
are the positive tone chemically amplified resists (CARs).
CARs have been the workhorse resist platform for HVM us-
ing 193 nm lithography and hence were the logical starting
point for EUV resist exploration. They usually consist of three
main components: a polymer backbone, a photoacid generator
(PAG), and a base quencher. The polymer backbone is typi-
cally a co-polymer with different pendant groups in the repeat-
ing unit, each serving a specific function. A common polymer
formulation is a co-polymer of hydroxystyrene (HS) and tert-
butylmethacrylate (t-BMA), used in environmentally stable
chemically amplified positive (ESCAP) resists. The HS group
is the “polar group”, which is hydrophilic and readily soluble
in an aqueous base solvent. In contrast, the t-BMA, which
is the “protecting group” or “acid-labile group” is lipophilic,
making the co-polymer insoluble in an aqueous base solvent.
Upon light exposure during lithography, the PAG decomposes
to generate an acid molecule. During the subsequent post ex-
posure bake (PEB), this photogenerated acid diffuses and re-
acts with the “acid-labile group” of the polymer, switching
its polarity from lipophilic to hydrophilic, also referred to as
the deprotection reaction. This deprotection reaction in-turn
creates more acid molecules which further react with more
polymer generating a cascade of acid molecules. This leads to
multiple deprotection reactions for a single incident photon,
increasing the sensitivity of the resist!!. This is referred to as
the chemical amplification scheme and hence the name of the
resist platform. As EUV photochemistry is expected to be pri-
marily electron driven, in the case of EUV exposed CARs, the
PAG activation is expected to occur mainly via electrons gen-
erated by photoionization of the polymer rather than the direct
photodegradation of PAG itself. After the PEB, the wafer is
then developed using an appropriate solvent (or developer) to
create the final image on the resist. If developer is an aque-
ous base such as tetramethylammonium hydroxide (TMAH),



the exposed regions dissolve thus creating positive image of
the mask and this is called positive tone development (PTD).
Alternatively, if an organic developer is used, then the ex-
posed regions remain insoluble while the unexposed regions
dissolve. This creates in the resist a negative image of the
mask and is called negative tone development (NTD). Nega-
tive tone imagining can be advantageous in certain scenarios
over positive tone imaging!?. Tarutani et al. showed that for
EUYV lithography of trench and contact hole patterns, NTD
allows for exposure with higher photon number at a reason-
ably high image contrast compared to PTD'3. Using organic
developer has also been shown to cause less swelling in the
resist and better dissolution characteristics compared to con-
ventional TMAH PTD developer'413.

Post lithography and development, plasma etching (or dry
etching) is used to transfer the pattern from the resist to the
layer below. Typically, thin underlayers (UL) are used below
the resist to optimize its adhesion'® and improve lithographic
performance!”. They can either be spin coated like spin-on-
glass (SOG)!® or directly deposited!®. For the pattern trans-
fer from resist to the UL, cold high-density plasmas are used.
These plasmas are rich in vacuum ultraviolet (VUV) photons
which have energies between 6eV to 12eV?’. At these ener-
gies, the VUV photons can cause unintended damage to resist,
which can especially be pronounced for ultrathin resists. Un-
derstanding the impact of these VUV photons and their syn-
ergism with other plasma species on ultrathin EUV CARs can
inform both resist design and etch process development. This,
in turn, can help enable the printing of sub-10 nm features for
state-of-the-art electronic chips.

Previously, we developed a testing methodology to ex-
amine the effect of VUV photons on ultrathin PMMAZ!,
In this study, we apply this methodology to three formula-
tions of novel ultrathin NTD CARs along with PMMA as
the PTD baseline. While typical etch processes use reactive
chemistries like fluorine, chlorine, or oxygen species, we fo-
cus on etching in an argon (Ar) plasma. Ar plasma does not
have reactive species and thus makes it simpler to decouple the
effect of VUV photons and argon ions (Ar*). Here, we expose
the resists to VUV photons using a deuterium lamp, to Ar*
ions using an ion beam etch (IBE) tool, and to Ar plasma using
an inductively coupled plasma (ICP) etch tool. This approach
allows us to study the individual interactions of VUV photons
and Ar" ions with the resists, as well as observe their syner-
gistic behaviors in a plasma. We calculate the average etch
rate of all the blanket resist layers under different processing
conditions by measuring the thickness change using ellipsom-
etry. The trends in the etch rate are then correlated to both re-
sist chemistry and thickness. Using atomic force microscopy
(AFM), we also measure the surface roughness changes in-
duced after processing. Further, using Fourier transform in-
frared spectroscopy (FTIR), we characterize the bulk chemical
changes occurring in the NTD CARs. Finally, we also exam-
ine if existing resist etch rate models using Ohnishi number
and ring parameter can be extended to the processing condi-
tions and resists used in this study.

II. EXPERIMENTAL SETUP
A. Sample preparation

Three model NTD CARs labelled as P1, P2, P3, along
with PMMA as a PTD baseline resist were spin-coated onto
300 mm wafers with a (9 nm SOG)/Si stack. All the resists had
a nominal thickness between 38 nm to 40 nm after coating.
The composition and loadings of the NTD CARs are shown
in Table I. They have the same composition and loading of the
PAG (triphenyl sulphonium triflate) and quencher (triphenyl
imidazole) . The polymer backbone is a co-polymer with two
different pendant groups. The acid labile group is methyl cy-
clopentyl methacrylate (MCPMA) for all of them. The only
variation is in the second pendant group (polar or lactone
group). P1 contains norbornene lactone methacrylate (NLM),
P2 contains propylene carbonate methacrylate (PCMA) and
P3 contains dihydroxy styrene (DHS). The polymer backbone
is the majority component of the NTD CARs with a weight
fraction of 71.04%, and with a 40:60 weight distribution of
the "polar group" and "acid-labile group", respectively. This
gives a mole fraction of 28.9%, 32.7% and 39.9% of NLM,
PCMA and DHS in P1, P2 and P3, respectively.

Post coating, only the NTD CARs were exposed to an EUV
dose of 30mJecm™2 in imec’s NXE3400B scanner using a
blanket exposure over a large area. Post exposure these wafers
were baked at 90 °C for 60 s followed by development with an
organic solution. These exposed and developed NTD CARs
are referred to as LITHO samples. The final thickness after
exposure and development of the NTD CARs was between
21 nm to 24nm due to mass loss and shrinking. The final
expected chemistry of the deprotected polymer of the NTD
CARs is shown in Figure 1.

All the resist coated wafers were then diced into coupons
and exposed to three different processing conditions: only
VUV photons (PHOTONS), only Ar" ions (IONS) and an Ar
plasma (PLASMA). The details of the processing conditions
are presented in Table II. As described in our previous work?!,
we used a 40s Ar plasma exposure as our baseline process.
Then the exposure times for PHOTONS and IONS processing
were adjusted to match the thickness of the PLASMA pro-
cessed PMMA. To further compare the behavior of the NTD
CARs with respect to PMMA, they were all processed under
the same IONS, PHOTONS and PLASMA conditions as ob-
tained for PMMA.

B. Inductively coupled plasma etch tool

An industrial ICP source (Lam Research Kiyo®) for
300 mm wafers operating at 13.56 MHz was used for all the
plasma exposures in the study. An Ar plasma with source
power of 1000 W, Ar gas pressure of 10 mTorr and no bias
was used. The majority of the VUV photons in an Ar plasma
are between A = 100nm to 110nm??. This is due to transi-
tions of the first excited resonance states of Ar, i.e., 1s, and
Is4 (in Paschen notation) to the ground state, corresponding
to A = 104.8 nm and A = 106.7 nm respectively?>.
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TABLE I. The composition of the three model NTD CARs — P1, P2 and P3. The only variation between them is in the polar or lactone group.
NLM - norbornene lactone methacrylate, PCMA - propylene carbonate methacrylate, DHS — dihydroxy styrene, MCPMA - methyl cyclopentyl
methacrylate. The loadings of each component of the CAR are given by their respective weight fraction (wt%). The co-polymer fractions are

also given by the wt%.
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FIG. 1. Simplified chemistry change of NTD CARs during lithography and development. PEB — post exposure bake. The solubility of the
resist switches from lipophilic to hydrophilic after lithography and PEB. The final deprotected polymer undergoes further plasma exposure

during etching.

C. VUV Photon Lamp

A commercial deuterium lamp (Hamamatsu L12542) was
used as the source of VUV photons. The lamp was allowed
to stabilize for 1h before exposures and the stabilized flux
was measured using a 1 cm? Si photodiode (Opto Diode Corp
AXUV100G). The VUV spectrum of the lamp has a peak
around 160 nm as per the data provided by the supplier. For

more details on flux calculations please refer to the details
published in our previous study?!.

D. lon beam etch tool

An industrial IBE tool (IBE-NX , ANELVA™ platform by
Canon) using remote Ar plasma was used to expose Ar* ions



Processing condition Sample size Processing conditions Processing
time(s)
PLASMA 3cmx 3cm ICP etch tool, Ar plasma, No bias, Source |40
Attached to a Si carrier |power = 1000 W, Pressure = 10 mTorr.
wafer (300 mm).
PHOTONS 2cmx 2cm VUV Lamp, Pressure = 1 x 1073 mbar, | 2200
Working Distance~30 cm.
IONS 3cmx 3cm IBE tool, Ion energy = 50 eV (lowest pos- |35
Attached to a Si carrier|sible setting) Pressure = 5 x 107> Pa
wafer (300 mm).

TABLE II. Details of the different processing conditions used in this study.

on the samples. The lowest possible ion energy setting, i.e.,
50eV, was used. An ion current of 400 mA was measured for
a full 300 mm wafer exposure.

E. Sample characterization

The samples in this study were characterized using spec-
troscopic ellipsometry, atomic force microscopy (AFM) and
infrared spectroscopy (FTIR). Ellipsometry was used to mea-
sure the thickness and refractive index of the samples. AFM
was used for surface roughness measurement. Attenuated to-
tal reflection (ATR) Fourier transform infrared spectroscopy
(FTIR) was used to measure the infrared (IR) spectra of the
samples for chemical characterization. Refer to the supple-
mentary material for more details on these techniques. The
thickness, refractive index and surface roughness values were
measured on various locations on multiple samples for each
processing and resist combination. The nominal value re-
ported is the mean and the error bar is the standard deviation
of these measured values.

I1l. RESULTS AND DISCUSSION

IV. ETCH RATE

The average consumption rate, or etch rate (ER), of all the
resists under different processing conditions was calculated
and plotted in Figure 2 by measuring the thickness before and
after processing.

From the Figure 2, the ER of the resists follow a similar
trend under the three processing conditions i.e., ER (PMMA)
> ER (P2) > ER (P1) > ER (P3). The higher ER of PMMA
compared to NTD CARs is mainly due to its thicker film and
simpler chemistry. Since PMMA was used as a baseline PTD
resist, it has a higher starting thickness (38 nm) compared to
NTD CARs (21 nm to 24 nm). Vourdas et al previously re-
ported a decreasing ER of PMMA with decreasing thickness
in O, plasma”*. They also observed a strong correlation be-
tween the decreasing ER and increasing glass transition tem-
perature (7g) for thinner films and this was mainly attributed
to polymer-substrate interaction (or substrate effect). If the
substrate-polymer interaction is attractive, as in the case of

PMMA with glassy substrates like native oxide or spin-on-
glass materials, the substrate effect slows the polymer dynam-
ics, typically leading to an increase the glass transition tem-
perature (1) of the polymer leading to slower kinetics and
reduced etch rate?*?3. To further validate this behavior, we
spin-coated an experimental 22.5 nm thick PMMA and ex-
posed it to the same processing conditions. We observe a
significant reduction in the ER of the thin PMMA under PHO-
TONS and PLASMA processing compared to its thicker coun-
terpart, whereas under IONS processing only a minor change
was observed. An explanation for this is by considering the
region of interaction of VUV photons compared to Ar* ions.
VUYV photons penetrate the entire polymer film at the ultrathin
thicknesses used in this study?®. This makes the photodegra-
dation process highly sensitive to the substrate effect which
varies with the thickness of the polymer and is strongest as the
bottom of the polymer film. In contrast, the Ar* ions primar-
ily interact with the polymer’s surface/near surface region?!?’
which is the furthest from the substrate and are thus less sen-
sitive to the substrate effect. This can then result in a similar
ER independent of the starting thickness.

We see that the thin PMMA still has higher ER compared to
P1 and P3 in all processing conditions. This can be attributed
to the simple aliphatic chemistry of PMMA. It does not have
carbon rich alicyclic or stable aromatic side groups like that
in P1 (NLM) and P3 (DHS). The presence of these groups
typically leads to lower ion?®*?and photon degradation?’.

When comparing the ER between the NTD CARs, the main
source of difference is the chemistry as their thicknesses are
quite similar. P3 with the aromatic DHS group shows the low-
est ER in all processing conditions. This can be attributed to
the excellent radiation stability of aromatic groups coupled
with the higher concentration of DHS in P3. Specifically, the
mole fraction of DHS in P3 (39.9%) is higher than MCPMA
in P1 (28.9%) and PCMA in P2 (32.7%). Aromatic groups
can absorb and dissipate external radiation energy with min-
imal polymer damage due to resonance stabilization?®3°. In
the case of P1 vs P2, despite P2 having a higher mole fraction
of PCMA, the higher effective carbon content of the bulkier
NLM side group in P1 imparts it higher etch resistance®!+32.

The differences in the ER between the NTD CARs in dif-
ferent processing conditions can also impact patterned struc-
tures. Since the ions are usually incident close to perpendic-
ular in typical etch processes, they mainly affect the vertical
etch rate while VUV photons are isotropic and can penetrate
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FIG. 2. Average etch rates of the resists under different processing conditions. A thin PMMA (22.5 nm) thick was also coated to evaluate the

impact of the starting thickness on the etch rate.
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FIG. 3. Surface roughness of different samples for all processing
conditions. UNPROCESSED/LITHO corresponds to the starting
roughness values of the resists before processing.

the film from different directions, affecting both vertical and
lateral etch rates. The variations in ER under ion and pho-
ton exposure can lead to different etch anisotropy and pattern
profile between the resists for the same etch process.

V. SURFACE ROUGHNESS

To understand the surface profile changes after processing,
root mean square surface roughness (S,) was measured be-
fore and after processing for all the resists and is plotted in
Figure 3. The starting roughness values for all the resists
was between 0.3 nm to 0.35 nm indicating a smooth surface.
For the methacrylate-based polymers, i.e., PMMA, P1 and
P2, VUV photon exposure reduces S, slightly while for the
phenolic polymer P3, S, increases. Methacrylate based poly-
mers undergo preferential scissioning during VUV photon
exposure>3.VUV photons efficiently attack the C=0 bonds
in side groups of these polymers, leading to chain scission>.
This can in turn allow for polymer to reflow, thus decreasing

the roughness. Similar smoothening effect by VUV photons
on 193 nm resists was observed by Pargon et al** and Weilen-
boeck et al*>. In the case of P3, the presence of phenolic DHS
leads to preferential crosslinking over scissioning®*. Unlike
scissioning, crosslinking does not allow for easier polymer re-
flow. It can lead to polymer aggregation, thus increasing the
Sq36, as observed for P3. A possible implication of this re-
sult for patterned structures with these resists is that plasma
or photon smoothening of P3 may be more limited compared
to P1 and P2. The surface roughness of all the resists after
IONS processing was similar (=0.6nm) . This suggests that
while the ion ER of the resists varies with their chemistry, the
surface profile variations of the ion-modified layer between
the resists is minimal. Interestingly, for the PLASMA pro-
cessed resists, the NTD CARs and the thin PMMA show a
lower S, compared to thick PMMA sample. The exact rea-
sons for this are not fully clear but a closer look at the thick
PMMA AFM scan shows reticulation with wrinkle-like struc-
tures as shown in Figure 4. Pal et al studied the real time
evolution of reticulation on thick 193 nm and 248 nm resists
under plasma exposure’’. They observed that reticulation is
induced due to the compressive stresses between ion-modified
layer and the bulk beneath it when the resist is heated be-
yond its T,. Due to the substrate effect, the T of the thick
PMMA is expected to be lower than the other thinner resists.
A possible explanation for the high S, of thick PMMA under
plasma processing is that due to localized plasma heating and
its low T, the resist experiences temperatures beyond its 7 .
At these temperatures, the stresses between the ion-modified
carbonized layer at the top and photon-modified bulk below
are high, leading to the reticulation of the thick PMMA sur-
face and a high §,. Nest et al’® and Jinnai et al* have also
reported high surface roughness formation on 193 nm resists
in a plasma to be a synergistic effect of ions, VUV photons
and temperature. The results from this study are consistent
with their findings and additionally highlights the importance
of substrate-resist interaction for ultrathin resists. The change
in the polymer dynamics and further the 7, due to the low
thickness can become a major factor in determining the final
structural properties of the plasma-processed resists. In addi-
tion to this, we also expect other factors, such as the simul-
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taneous interaction of photogenerated bulk volatile products
with the top ion-modified layer, the size and nature of the out-
gassed products, and the final thickness and chemistry of the
processed resist, to also impact the S,;. Decoupling these fac-
tors is non-trivial, and additional research is needed to shed
more light on the mechanism of surface roughness evolution
of ultrathin resists in plasma.

VI. REFRACTIVE INDEX

Figure 5 illustrates the refractive index n(A4) of the NTD
CARs under different processing conditions as obtained by
ellipsometry. The change in the refractive index of the pro-
cessed resists relative to the unprocessed (LITHO) sample,
An() is also plotted in Figure 6. The n(A) increases after
processing for all 3 CARs and the trend is as observed pre-
viously for PMMAZ?!. The IONS processed samples exhibit
the highest An(A). This increase is attributed to the presence
of a strongly carbonized ion-modified layer at the surface.
The presence of this layer was further validated by observ-
ing the sputter times of these films during depth profiling for
X-ray photoelectron spectroscopy (XPS). An Ar gas cluster
ion beam (GCIB) with energy of 2.5 eV /atom was used as the
sputter beam for depth profiling. The sputter time of a film
depends both on its thickness and chemistry. Ar GCIB is ef-
ficient at sputtering organic materials, but inorganic materials
like amorphous carbon are quite sputter resistant to it*?, and

hence take longer time to be cleared. For each NTD CAR,
the IONS processed film has the longest sputter time despite
being the thinnest (Refer supplementary material for the ta-
ble with sputter times). This further supports the presence
of a carbonized layer at the top due to ions and is also in
line with our observation on PMMAZ?!. Based on previous
experimental>!*1#2 and simulation®? studies, the thickness of
this carbonized layer is expected to be around a few nanome-
ters (<5 nm). Given the varying chemistry of the NTD CARs,
some variation in deoxygenation and dehydrogenation leading
to carbonization is also expected. This variation can result in
the NTD CARs having carbonized layers with differing thick-
nesses and refractive indices. The PHOTONS processed sam-
ples exhibit a moderate increase in n(1), typically due degra-
dation of oxygen rich side chains, further leading to an in-
crease in the volumetric density*~#® and molar refractivity*’.
The PLASMA processed resists have n(4) in between the
IONS and PHOTONS processed resists due to both photons
and ions modification. The difference in n(A)the IONS and
PLASMA processed resists can be attributed to difference in
the degree of carbonization at the surface. The Ar* ion en-
ergy in a plasma with no bias is around 15eV to 20eV*®
(PLASMA) compared to 50 eV in the IBE (IONS). The higher
ion energy coupled with the expectedly higher dose can lead to
a thicker* and denser>*-3? carbonized layer in the IONS pro-
cessed resists compared to their PLASMA processed counter-
parts which can in turn lead to higher n(1).
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VII. IR SPECTRA

To further understand the changes in bulk chemistry of the
NTD CARs, the IR spectra of the samples were measured.
Here, we focus on the C=0 region of the IR spectrum. The
C=0 region exhibits high intensity due to its large dipole
moment> and shows distinct peaks for the side chain groups.
Other interesting IR regions, such as the C—H stretch, C-C
stretch, and C=C stretch, did not exhibit sufficient intensity
for clear analysis.

Figure 7 shows the C=0 IR spectra for the three NTD
CARs under different processing conditions. The spectra were
baseline corrected. We observe two distinct peaks in the C=0
region for P1 and P2 corresponding to the lactone and ester
groups in the polymer. The higher wavenumber peak corre-
sponds to lactonic C=0 whereas the lower wavenumber peak
is for the esteric C=0. In the case of P3, we observe only ester
C=0 peak from the deprotected side group as expected.

Previously, we observed that for PMMA, IONS primarily
modify the top layer of the polymer, leaving a pristine polymer
layer beneath. A similar behavior is observed for the NTD
CARs. Specifically, in P1 and P2, the IONS sample shows a
clear two-peak spectrum, indicating the presence of a buried,
pristine-like layer.

We also observe that the lactone side groups in P1 and P2
are readily degraded by VUV photons. There is still a mi-

nor C=0 peak at the lower wavenumber from residual esteric
C=0 and other byproducts containing C=0. The high suscep-
tibility of the lactonic C=O has also been observed on thicker
193 nm resists®>>3*33, Jinnai et al reported that the lactonic
C=0 is more chemically reactive compared to esteric C=0 ,
and proposed that this is due to the high polarization of lac-
tonic C=0>*. Similar behavior of lactonic C=0 compared to
the esteric C=0 was also reported by Uesugi et al>°.

In addition to measuring IR spectra post processing, it
would be interesting to measure the real-time evolution of IR
spectra, as this would enable us to correlate chemical changes
with varying etch rates. Although our current testing setup
does not allow for this, it could be a focus for future research.

VIll. ETCH RATE MODELS

Etch rate models are used to correlate the ER of resists to
their chemistry. These models help to guide the development
of new resists by predicting their etch behavior. Two pop-
ular models that have been used previously are the Ohnishi
number (O.N.) and the ring parameter (r) models. The details
of these models are presented in Table III. O.N. was intro-
duced by Gokan et al’! and was mainly successful in predict-
ing the ER of resists under ion beam etch with high energy
ions (300eV to 500eV). Ring parameter () model was later



D
0o~ O

B
O~ “OH

B
07 “OH 0 B
K(\ 0~ “OH
2 Z o OH
A o— A
(e}

O \\<O OH
; 1.0 — LITHO | == LITHO | == LITHO
G - PHOTONS B PHOTONS B PHOTONS
~ 0.81 == IONS | === |ONS { === |ONS
8 —e— PLASMA —o— PLASMA —o— PLASMA
C
© 0.6 ] A
—
3
20.41 ]
<
o2 ]
2
o
] i i
200 .

1850 1800 1750 1700 1650 1850 1800 1750 1700 1650 1850 1800 1750 1700 1650

Wavenumber (cm™1)

a. P1

Wavenumber (cm™1)

b. P2

Wavenumber (cm™1)

c. P3

FIG. 7. IR spectra of the C=0 region of the NTD CARs a. P1, b. P2 and c. P3. The top chemical structure corresponds the deprotected
polymer of each NTD CAR. A and B peaks in P1 and P2 correspond to the lactonic and ester C=O vibrations, respectively (C=O contribution

from SOG is negligible, data not shown).

Model Details
Ohnishi Number |ER «< O.N. = Nﬁ]N
(O.N)) ER - etch rate ,

N - total number of atoms in the monomer or repeating unit,
N, -Number of carbon atoms in the repeating unit,
N, - Number of oxygen atoms in the repeating unit

Ring parameter (r)

ER (vs SPR511) = Ar® + Br? +Cr+D

= Mass of carbon atoms in the ring

Total mass of resist

ER (vs SPR511) — Etch rate normalized to etch rate of resist Shipley SPR511
A,B,C,D - Polynomial fit constants

TABLE III. Details of the etch rate models that are evaluated in this study.

introduced by Kunz et al’’ to accommodate the improved etch
resistance of the 193 nm resists with ring structures in a Cl,
plasma. In addition to these two models, various other mod-
els have been developed to predict the etch rate of resists with
different chemistry in different plasmas 863,

Although the O.N. and r models were originally designed
for different processing conditions, we want to test if they
can be extended to EUV resists under the specific conditions
used in this study. For this, the ER of these resists are plotted
against their O.N. (as shown in Figure 8) and r (as shown in
Figure 9). For the calculation of O.N. and r of the NTD CARs,
the deprotected polymer was used as shown in Figure 1.

Resists with higher O.N. and lower r are expected to show
higher ER. We did not perform a statistical fit due to the in-
sufficient number of data points for a reliable analysis. For
O.N. model, we focus on IONS processing as it is the closest

to the conditions used when developing the model. Here, P2
has a higher O.N. than PMMA but shows a lower ER. This
is possibly due to O.N. not accounting for the added stability
of the ring structure of PCMA in P2. Similarly, for » model
we mainly focus on the PLASMA processing as it is the clos-
est to conditions used when developing the model. For the
PLASMA processed films, there is a minor discrepancy when
comparing P2 to thin PMMA under PLASMA processing. In
this case P2 has a higher » than PMMA but also shows a higher
ER. This could be due to the r model not accounting for the
exact nature of the bonds within the ring structure. There
is also the expected discrepancy in both models between the
thick and thin PMMA as both have same O.N. and r but dif-
ferent etch rates.

The O.N. and r model predict the resist trends well for the
different processing conditions and resists used in this study.



The models could be further improved if they could also ac-
count for the initial thickness of the resist, especially at the ul-
trathin regimes. Since these models were designed for mainly
organic resists, their applicability to novel hybrid EUV resists
like metal oxide resists is yet to be determined.

IX. CONCLUSION

In this study we investigated the impact of VUV photons on
three ultrathin model NTD CARs along with PMMA as a ref-
erence baseline. We observed that thinner PMMA exhibited
lower etch rate compared to a thicker film due to a more pro-
nounced effect of the substrate, leading to slower etch kinet-
ics. For the NTD CARs, polymers with aromatic groups and
high effective carbon content also exhibited lower etch rates.
VUV photons significantly degraded the carbonyl groups
throughout the bulk of these resists and caused smoothening
or roughening of the surface depending on the chemistry of
the resist. Ar* predominantly affected the top of the film, cre-
ating a carbonized ion-modified layer. The plasma-exposed
resists exhibited a more complex pattern of surface rough-
ness variation with factors like the stresses between the ion-
modified layer and photo-modified bulk, substrate-effect and
the plasma heating affecting it. In this study we investigated
the impact of VUV photons on three ultrathin model NTD
CARs along with PMMA as a reference baseline. We ob-
served that thinner PMMA exhibited lower etch rate com-
pared to a thicker film due to a more pronounced effect of
the substrate, leading to slower etch kinetics. For the NTD
CARs, polymers with aromatic groups and high effective car-
bon content also exhibited lower etch rates. VUV photons sig-
nificantly degraded the carbonyl groups throughout the bulk
of these resists and caused smoothening or roughening of the
surface depending on the chemistry of the resist. Ar* ions
predominantly affected the top of the film, creating a car-
bonized ion-modified layer. The plasma-exposed resists ex-
hibited a more complex pattern of surface roughness varia-
tion with factors like the stresses between the ion-modified
layer and photo-modified bulk, substrate-effect and the plasma
heating affecting it. Due to limitations of the current testing
setup, the individual effects of plasma heating, electrons and
Ar metastable neutrals could not be investigated, but these fac-
tors can also contribute to the degradation of the resists in
a plasma®%%*. Ohnishi number and ring parameter etch rate
models were also tested for resist behavior in the different
processing conditions used, and they seem to work well. The
applicability of current etch rate models for novel non-CAR
resists for EUV lithography is yet to be determined.

SUPPLEMENTARY MATERIAL

An additional supplementary document is included with
more details on the metrology techniques used and sputter
times of different films during XPS depth profiling.
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