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Extreme ultraviolet lithography (EUVL) is the current technology used in the semiconductor industry
for the fabrication of integrated circuits (ICs), since it enables the further miniaturization of their
components. For its optimal operation, photoresist materials that can efficiently use EUV photons
(92 eV) to yield sub-10 nm patterns are required. However, there is a lack of understanding of the
complex mechanisms induced by EUV radiation. In this work, we investigate the ability of a new
Zn-based oxocluster to fulfil the state-of-the-art requirements for EUVL. This molecular material was
conceived to provide high EUV absorptivity, owing to its contents of Zn, F, and O atoms, and high
resolution, given its small molecular size. High sensitivity/reactivity towards EUV is achieved through its
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mixed-ligand organic shell composed of methacrylate and trifluoroacetate ligands. This new resist
shows outstanding lithography performance yielding down to 22 nm half pitch line/space patterns at
DOI: 10.1039/d0tc03597a ~20 mJ cm™2. Spectroscopy studies on EUV exposed samples revealed an unexpected reaction

pathway where fluoride ions are formed. This is an unprecedented way of efficiently inducing a solubility
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1. Introduction

The downscaling of ICs in computer chips and memory devices
over the years has been possible thanks to advances in litho-
graphy techniques.' Among them, photolithography has been
the workhorse of the semiconductor industry for ICs fabrication.
In this technique, an optical projection is captured by a sacrificial
photoactive layer, known as photoresist, so that the optical pattern
can be transferred to the functional substrate that is the integra-
ting part of the ICs. Within the next five years, the projected
device feature size should be less than 10 nanometres.*® For such
miniaturization to be cost-effective, the semiconductor industry
shifted from deep ultraviolet (DUV) photolithography, using light
of 193 nm, to the next-generation technique, extreme ultraviolet
lithography (EUVL), as its shorter wavelength (13.5 nm) offers
higher resolution.™®

EUV photons exceed the ionization energy of any resist
material so that EUV irradiation leads to complex mechanisms
that involve the generation of photoelectrons and secondary
electrons, together with the associated holes (electron vacancies).”
The understanding of this complex EUV-induced chemistry is
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switch in an inorganic resist upon EUV irradiation.

currently rather limited.'®'" Yet, without the proper EUV-
chemistry knowledge, it is a challenge to custom-design materials
for EUVL that can meet the industrial targets of sensitivity
(<20 mJ cm ?), low line width/line edge roughness (LWR/LER
< 20%), and resolution (<20 nm).***"*3

A prerequisite for EUV resist materials is high absorbance at
13.5 nm.""*® A straightforward approach to attain this is to
incorporate elements into the resist layer that have high
EUV absorption cross-section, typically metals. Such materials
are commonly called inorganic resists and have emerged as
promising candidates for EUVL applications."®™” In addition to
the enhancement of EUV photon absorption, inorganic resists
are also known to overcome the low tolerance of traditional
organic polymers towards the etching conditions.’® In most
cases, inorganic resists comprise a core of one or more metal
cations surrounded by organic ligands.®'>'® Exposure to the
EUV photons (and the electron cascade that derive from them)
induce chemical reactions on the organic ligands that result in
the change of solubility properties of the resist material in the
exposed areas, which ultimately leads to the pattern formation
on resist layers."*>°

Metal-oxoclusters (MOCs) stand out among EUV inorganic
resists since they are molecularly defined (small and homo-
geneous in size) and therefore, are anticipated to prevent varia-
tions in the nanopatterns, i.e. low LWR/LER values in the printed
features.”* In addition, MOCs provide great synthetic flexibility,
since virtually any desired organic terminal functionality can be
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incorporated in their organic shell, allowing for an easy way
of tuning the processability and chemical reactivity of the
material.>>?%%!

In the present work, we investigate the lithographic capabili-
ties of a Zn-based MOC and study the EUV-induced chemistry
that enables nanopatterning on this material. This MOC con-
sists of a tetranuclear Zn-compound that belongs to the group
of basic zinc carboxylates®*** and is found in the nodes of a
prototypical metal-organic framework, MOF-5.>*"" Previously,
dinuclear Zn-complexes proved to work as EUV resists.>® Here,
we aimed at enhancing the EUV absorbance thanks to the more
condensed Zn-based oxo core and to the integration of fluorine
atoms®® as part of trifluoroacetate ligands (TFA) in the organic
shell. Moreover, we incorporated methacrylate ligands (MA),
which can undergo cross-linking upon EUV irradiation.>**°

This reaction is in fact common in MA-based clusters when
irradiated with lower energy (UV) light sources,****
anticipated that it would contribute to the solubility switch in
this new Zn-based material. These considerations gave rise to a
Zn-oxocluster shown in Fig. 1a and labelled as Zn(MA)(TFA).
This molecular material is a mixture of clusters with an average
composition of Zn,O(MA)5(TFA). This compound has pre-
viously shown to have a high linear absorption coefficient
at 13.5 nm (12.4 um™ ') and high sensitivity.** Here, we used
EUV interference lithography (EUV-IL)**** to achieve dense
line/space (L/S) patterns of half-pitch (HP) down to 22 nm at
low doses (~20 mJ cm™?) on this material, a response that is
close to commercial EUV resists.">">'” The lithography experi-
ments were also combined with several ex situ spectroscopic
techniques, which allowed to elucidate a novel mechanism
behind the nanopattern formation involving C-F bond cleavage
in the TFA ligands and cross-linking of the double bond of MA
ligands initiated by different radical species (Scheme 1).
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2. Experimental section
2.1 Synthesis of Zn(MA)(TFA) and thin film deposition

The Zn(MA)(TFA) compound was synthesized by ligand
exchange from a commercial Zn-oxocluster as precursor having
the same tetranuclear oxo-core unit and six TFA ligands,
Zn,O(O0CCF3)e, following the protocol in ref. 43 and as shown
in Fig. 1a. The deposition of thin films was performed from a
Zn(MA)(TFA) solution of 2% (w/v) in a mixture of chloroform
(CHCl;), and propylene glycol methyl ether acetate (PGMEA),
9:1 v/v followed by sonication (4 min) and filtration using a
0.22 pm PTFE filter. Spin-coating of the resist solution was
done at 2100 rpm spinning speed (acceleration 3000 rpm s )
for 30 s. Post application baking was applied for 30 s at 90 °C to
remove the excess of the residual solvent. Samples for UV-vis
absorption spectroscopy were spin-coated on quartz substrates
(500 pm thick) and for FTIR spectroscopy on double-side
polished Si substrates (200 pm thick). Samples for X-ray photo-
electron spectroscopy (XPS) analysis were spin coated on Cr/Au
(3 nm/19 nm) sputter-coated on Si substrate. The thickness of
the thin films spin coated for spectroscopic analysis was in the
range of 25-30 nm and was measured by using AFM.

2.2 EUV exposure and development

All EUV exposures were carried out at a wavelength of 13.5 nm
(92 eV), at XIL-II beamline of the Swiss Light Source (SLS)
synchrotron. For spectroscopic studies open frame 1.7 X
1.7 mm” area mask and pin-hole (PI), 70 pm was used. For
L/S features, the EUVL-IL** tool was equipped with a transmis-
sion mask that resolved half-pitch (HP) of 22, 30, 40, and 50 nm
combined with a PI 70 pm. Diluted propionic acid (0.05%) in
CHCl; was used as a developer (8-10 s). Zn(MA)(TFA) behaved
as a negative tone photoresist and therefore the exposed areas
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Fig. 1

(a) Scheme of Zn(MA)(TFA) synthesis. (b) Dose dependence of line-width of line/space patterns of different half-pitch measured with SEM (2 kV),

where grey hollow dots represent the dose-to-size. (c) Selected SEM (5 kV) images of patterned line/space features using EUV-IL.
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Scheme 1 Photolithography process and sample fabrication for ex situ spectroscopic analysis performed on Zn(MA)(TFA).

turn insoluble in the chosen developer. All the mentioned doses in
this work are specific to this EUV-IL setup. The tool factors for the
specific mask and PI combinations are calculated by cross-
calibration with a bench-mark resist material. Thus, this might
not correspond to an absolute number and doses might differ
slightly when using a different EUV exposure tool."”

2.3 Post-exposure analysis

UV-vis absorption spectroscopy was performed in a Shimadzu
UV2600 spectrophotometer. FTIR spectroscopy of the thin films
was performed in transmission mode under vacuum in a
Bruker Vertex 80v spectrometer. XPS was performed using a
monochromatic AIK, source (1486.6 eV) in an ultra-high
vacuum setup (p < 5 x 10 ° mbar) equipped with Scienta
R4000 HiPP-3 analyser. Fitting of the peaks was done using
UNIFIT 2018 Scientific software. SEM imaging on L/S features
was performed with a top-down view using a FEI Verios 460
operating at a current of 100 pA, dwell time of 10 ps and
altering voltage of 5 kV and 2 kV. LWR evaluation was carried
out using SMILE, a SEM image analysis software developed at
the Paul Scherrer Institute. Unbiased LWRs values*® were
obtained using the average power spectral density (PSD) of
the lines in their respective SEM images, the unbiasing was
performed using a standard PSD model.*” AFM measurements
were done using a Bruker Dimensions Icon in ScanAsyst-air
mode. As a control experiment, a spectrum of a freshly spin-
coated thin film was also used (fresh reference) to inspect the
effect of aging/partial degradation of the sample occurring
between the exposure and the spectroscopy experiments
(as shown in ESIY).

This journal is © The Royal Society of Chemistry 2020

3. Results and discussion

To evaluate Zn(MA)(TFA) as a photoresist for EUV lithography,
dense L/S patterns on the thin film (22-50 nm) were printed
using the EUV-IL tool at the Paul Scherrer Institute.’® SEM
images (Fig. 1c) show that the transfer of L/S patterns needed a
notably low dose. No scumming (scattered rests of material)
between lines was observed. An important aspect in a resist
performance is the dose-to-size, which is the incident exposure
dose that is needed to attain features of the intended
dimension. The plot of printed linewidth as a function of dose
for Zn(MA)(TFA) (Fig. 1b)** showed that the dose-to-size (hollow
dots) in all cases is close to 20 mJ cm™ >, which is the current
requirement for EUV resists. The aspect ratio of the L/S patterns
were estimated using the height as measured from the corres-
ponding AFM contour profiles (shown in ESL{ Fig. S1) and
found to be ~1:3 for HP 50 nm, 30 nm, and 22 nm, and ~1:2
for HP 40 nm. The unbiased LWRs (shown in Fig. 2) of dense
L/S features were calculated for the doses of HPs nearest to the
printed dose-to-size values (as shown above in Fig. 1b). As a
result of line wiggles seen in SEM image of HP 22 nm the
results of unbiased LWR are relatively higher. However, the
LWR values of the other HP fulfil the industry requirement
(LWR < 20% of CD)."? It should be noticed that a good control
in the Zn(MA)(TFA) composition is crucial for reproducibility in
the sensitivity of this resist.*’> Table 1 below summarises the
performance of some inorganic and hybrid inorganic-organic
EUV photoresist when exposed using the EUVL-IL tool at PSIL.
The promising outstanding performance of this new material
prompted us to investigate the underlying mechanism in the
pattern formation. In particular, we wanted to gain insight in

J. Mater. Chem. C, 2020, 8,14499-14506 | 14501
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HP 30 nm
400 nm

15 mJ/cm?
LWR 2.8 nm

HP 22 nm
400 nm

12 mJ/cm?
LWR 5.7 nm

i

| 21 mJ/cm?
LWR 7.2 nm

25 mJ/cm?
LWR 2.6 nm

Fig. 2 LWR (unbiased) results obtained from PSD of respective SEM (operated at 2 kV) images of line/space features.

Table 1 Performance of some inorganic/hybrid inorganic—organic EUV
photoresists tested with the EUV-IL tool at PSI grouped by their content of
metallic element

CD[HP] Dose LWR/LER
Resist (nm) (mJ em™?)  (nm) Ref.
Inpria YA-BA 14.9 [16] 48 1.8 50

10[11]  — 1.7
[(PhSn);,014(OH)6]CL, [18] 350 — 51
[(BuSn);,0,4(OH)s)(OH),  [50] 131 - 52
[(BuSn);,014(OH)e](AcO),  [40] 74 — 52
HSQ [22] 40-90 ~2-3 53
Zr0,4(OH),Mc,, [50] 57 — 30
Zn,(CO,R), Zn-mTA [16] 45 — 26

[13] 35 —
Zn(MA)(TFA) 30 22 2.8-2.6

22 20 5.7-7.2

the role of each type of ligand in the solubility switch that it
undergoes after EUV irradiation. For that purpose, the chemical
changes after EUV exposure were investigated with different
ex situ spectroscopic techniques. FTIR and UV-vis absorption
spectroscopy were employed to identify modifications in the
organic ligands, whereas XPS allowed to detect changes in both
inorganic and organic components, as it gives information
on elemental ratio and on the chemical environment of all
elements.

Thin films were exposed to four doses of EUV light from a
dose above the threshold necessary to render a fully insoluble
thin film (>20 mJ ecm %)* up to a high dose where a full
conversion of the pristine materials is expected, thus allowing
the identification of the spectral features from the EUV irradia-
tion product in Zn(MA)(TFA) resist.

A thin film of Zn(MA)(TFA) on Si was exposed to increasing
EUV doses on different areas (Fig. 3b) of the same sample and
the FTIR of each area was collected (Fig. 3a). The peaks were
assigned according to the literature of Zn-based tetranuclear
clusters.*®**** A decrease in the area of the peaks (Fig. 3c)
assigned to the carboxylate groups of both ligands, TFA
(vas 1676 cm™ ') and MA (v, 1544 cm '), was detected with
increasing dose. The same trend was observed for the peaks
assigned to C-F stretching (1205 and 1155 cm™'). However, a
relative increase of the peaks in the aliphatic C-H stretching
region (2929-2885 cm ™ ') was observed. This indicates that EUV

14502 | U Mater. Chem. C, 2020, 8,14499-14506
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Fig. 3 (a) FTIR spectra of a Zn(MA)(TFA) resist film before and after EUV
exposure. (b) Scheme of an exposed sample where delimited areas were
exposed to different EUV doses (in mJ cm™2). (c) Change in the area of
peaks related to MA and TFA ligands as a function of dose relative to the
unexposed region.

photons promote the decarboxylation of both TFA and MA.
In addition, the simultaneous decrease of the v,,(COO) and
v(C-F) peaks suggests that TFA ligands are partially lost, either
as complete units or as a result of the ligand fragmentation
arising from a decarboxylation process. However, in the case of
the MA ligands, the preservation and increase of aliphatic
C-H stretching peaks is in line with cross-linking reactions
between terminal double bonds.

To further investigate the reactivity of the MA ligands
upon EUV exposure we monitored the changes in the UV-vis
absorption spectrum of the material after irradiation with
different doses of EUV light (Fig. 4). The unexposed material
displays an absorption band at 198 nm, which arises from
electronic n—n* transition localized in the MA ligands of

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) UV-vis absorption spectra of the resist film and (b) change in the

UV-vis absorbance maximum relative to the reference as a function of EUV
dose.

Zn(MA)(TFA) (Fig. 4a). The bleaching of this band as the EUV
dose increases clearly indicates the loss of double bonds with
EUV exposure (Fig. 4b). Taking into account that the FTIR
experiments confirmed the presence and slight increase of
C-H bonds in aliphatic carbons, this result is in line with the
promotion of cross-linking reactions between terminal double
bonds, which yields saturated carbon chains.>*>°

As vibrational modes and electronic transitions arising from
the inorganic core fall out of the spectroscopic windows in both
FTIR and UV-vis experiments, XPS was used to investigate other
processes that might occur in the Zn(MA)(TFA) molecule after
EUV irradiation. We focused on the detection and tracking of
different C, O, F, and Zn-species as the EUV exposure dose
increased. To do so, we fitted the C 1s, O 1s, F 1s, and Zn 2p3,
high resolution spectra for the unexposed material and tracked
the species of interest as a function of dose (Fig. 5a and Fig. S5
in ESIt).

Although the C 1s spectra could be fitted with 4 compo-
nents, here we will only consider the components with higher
oxidation states, assigned to C atoms in the O-C=O groups
(289.1 eV) and C atoms bonded to F, C-F (292.8 eV). O 1s
spectra were fitted using 2 components, which we attribute to O

(a) | 425 myicm2 Fas)| (b)

255 mdicm2 o130
- t25 5
S <
s F - t20 N
Z |85 mJicm2 S
> L1.5 Q
5 o
7 [
£ |34 myem2 £, 0 100 200 300 400
- f Dose (mJ/cm?)

e +-0-C=0(C1s) 2Zn-0(01s)

0 mJlcm2 +-0-C=0 (01s) -+ Zn-F (F 1s)

<« C-F (F1s) « Total F (1s)

682 684 686 688 690 692
Binding energy (eV)

Fig. 5 (a) Experimental data (dots) and fitting (solid line) of the F 1s high-
resolution spectra for unexposed and EUV exposed Zn(MA)(TFA) resist.
(b) Changes in the elemental ratio of components of O-C—=0O (C 1s),
O-C=0 (O 1s) and Zn-0 (O 1s) C-F (F 1s), Zn—F (F 1s) and in the total F
ratio (F 1s) relative to Zn as a function of EUV dose.

This journal is © The Royal Society of Chemistry 2020
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atoms participating in Zn-O bonds (oxo and hydroxo groups,
532.1 eV) and O atoms in O-C=O0 groups (530.4 eV). A peak
assigned to F atoms in the TFA ligands was found in the F 1s
accompanied by a small peak with smaller chemical shift (see
explanations below). The Zn 2p;, peak was fitted using only
one component indicating no major chemical differences
between the Zn atoms in the inorganic core (see ESIf).

The evolution of the C 1s and O 1s high resolution spectra
signified the loss of O-C=O species upon EUV exposure
(Fig. S5, ESIt), in line with the FTIR results. Yet the most
prominent changes were observed in the high-resolution
spectra of the F 1s (Fig. 5a). In the latter, it was noticed that
the peak at 684.5 eV increases as a function of EUV dose. This
peak is assigned to fluoride ions, likely bonded to Zn metal
(Zn-F) in the thin film after EUV exposure.>®’ The formation of
such metal-fluoride bond has been observed in metal complexes
after exposure to focused electron beam and was explained by
C-F bond cleavage and appearance of F~ species.’® The presence
of this peak in low intensity in the unexposed sample is
attributed to the chemical changes induced by X-ray photons
used for the XPS measurement, as a rise of this peak was
observed as a result of prolonged irradiation with X-ray after
consecutive measurements on the same spot (Fig. S5, ESIT).

Since our X-ray photoelectron spectrometer does not have
spatial resolution, for this experiment each dose required the
preparation and exposure of a different sample. Therefore, to
track the effect of EUV, we calculated the ratio of each species
relative to Zn for each sample and the ratio found at each dose
was compared to the initial ratio of each species in the
unexposed sample. The ratios relative to Zn 2p;,, of selected
components in C 1s (0-C—O0), O 1s (O-C—O0 and Zn-0O) and
F 1s (C-F and Zn-F) spectra were plotted as a function of dose
(Fig. 5b). Loss of carboxylate (O-C—=O, C 1s and O 1s) was
detected, yet the contribution of TFA and MA to it cannot be
distinguished with this technique, as both carboxylate peaks
have the same chemical shift. An increase in Zn-O component
as a function of dose was also observed, which can be attrib-
uted to the formation of ZnO, species after the EUV exposure.
That is, after decarboxylation/ligand loss during exposure, the
Zn atoms left in the film can react with water and oxygen in the
atmosphere after the samples are taken out of the exposure
chamber in the air. As the Zn-F species increase with EUV dose,
a decrease in the C-F components is observed, simultaneously.
The total concentration of fluorine (grey asterisks in Fig. 5b),
decreased by 10% at high EUV doses. Overall, the changes
detected in XPS in the fractional ratio with EUV exposure are
fairly comparable to the results obtained from FTIR regarding
decarboxylation and C-F bond loss.

From the combination of all spectroscopic results, we
propose the reactions in Scheme 2 as important contributions
to the solubility switch in the Zn(MA)(TFA) resist upon EUV
exposure. Ionization of the oxoclusters after absorption of EUV
radiation results in the emission of a photoelectron and
formation of a radical cation that can further yield the decarb-
oxylation of any of the two types of ligands (reaction (i) in
Scheme 2). This process can also be initiated by an electron

J. Mater. Chem. C, 2020, 8,14499-14506 | 14503
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Scheme 2 Proposed reaction paths that contribute to the solubility switch in Zn(MA)(TFA) EUV resist.

with kinetic energy higher than the ionization potential of the
molecule.’*®" The resulting fragments would be an allyl or a
trifluoromethyl radical and an outgassing neutral CO, mole-
cule. These sites are likely to react with water or oxygen when
the film is exposed to ambient atmosphere after EUV exposure
and can further lead to aggregation with neighbouring
clusters.®>”** Meanwhile, the radicals formed in path (i) can
initiate cross-linking reactions of the terminal double bonds in
the MA ligands (process (iii) in Scheme 2).

In addition to dissociative ionization processes, electrons
with lower energy than the ionization potential can react with
Zn(MA)(TFA) oxocluster and induce the C-F cleavage. This
process, known as dissociative electron attachment (DEA),
has been reported for halogen-containing molecules and in
particular for trifluoroacetic acid.®> ® The resultant fragments
would be F~ and a difluoroacetyl radical (process (ii) in
Scheme 2). Although a detailed structure of the final product
cannot be inferred, XPS studies have clearly shown the presence
of new F species in the thin film after EUV exposure.
We assume that they are stabilized by the Zn>* metal cations,
as explained above. In turn, the difluoroacetyl radical is
expected to react with the neighboring ligands, such as metha-
crylate ones. Reoxidation of Zn-sites after ligand loss could
occur after the exposed sample is exposed to air, as indicated by
the XPS studies.

4. Conclusions

The Zn(MA)(TFA) compound has shown the potential to be a
competitive material for EUVL applications. EUV interference
lithography tests on the Zn(MA)(TFA) resist showed that tar-
geted half-pitch of line/space features for 50 nm, 40 nm, 30 nm
and 22 nm can be patterned with a dose of ~20 mJ cm > and
unbiased LWR values that comply with the industry requirements.
From spectroscopic studies combining FTIR, UV-vis absorption
and XPS, we propose a plausible mechanism behind the high
sensitivity of this resist that consists of three major reaction paths.

14504 | J. Mater. Chem. C, 2020, 8,14499-14506

One path starts with the ionization and decarboxylation of either
the methacrylate or trifluoroacetate ligand to give rise to radical
species that can initiate the oligomerization of the terminal
double bonds in neighbouring methacrylate ligands. The
decarboxylated site, can evolve into hydroxo and oxo species
that could bridge neighbouring clusters. Along with these reac-
tions, XPS studies suggest that a third path involves the migra-
tion of fluorine atoms from the organic shell to the metal core,
most likely promoted by electron attachment. These novel
insights into the reaction mechanisms and their correlation to
the lithography performance of Zn(MA)(TFA) will help the EUV
lithography community to have a better understanding of the
molecular design required for new efficient EUV resist materials.
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