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Chapter 1

Introduction

1.1  Photolithography

Photolithography is a key technology that has enabled the rapid development of
semiconductor industry during the past 60 years. It is a technique that enables
geometric features to be transferred from a mask to a photo-responsive material
(photoresists) deposited on a substrate." The typical photolithography process is
illustrated in Scheme 1.1. The standard procedure is started with spin-coating a
photoresist as a thin layer on the silicon substrate, and then exposing the photoresist
thin film with an irradiation source, commonly ultraviolet light. The solubility of
the photoresist is changed as a result of chemical reactions induced by the local
exposure. In a development step, either the exposed part or the unexposed part can
be removed by washing with a suitable solvent, generating positive tone or negative
tone patterns, respectively. Using the protection by the photoresist, the pattern from
the mask is transferred to the silicon substrate via an etching step.

SiO2 s ——— Photoresist

I - Si
l l l l —— Light source
| - |\|ask
.
e
/ Development \

— — —
I I
Negative tone Positive tone

— — —
| 1

Etching

Scheme 1.1. Fundamental photolithography procedure.
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Optical lithography has been the dominant pattern transfer technology in the
semiconductor industry for more than 5 decades because it can fulfill the
requirement of high volume production of microelectronic components.z'4 In
addition to the improvement of the throughput and decrease of the cost, another
significant challenge in the semiconductor industry is the increasing transistor
density per unit area, which implies that the feature size should become smaller and
smaller. Until now, the shrinkage of the critical dimension (CD) of the device
features has been able to match the International Technology Roadmap for
Semiconductor (ITRS) and the famous Moore’s law.”” The number of transistors on
a chip has been doubled on the average every 18 months. The minimum feature size
that a projection system can print is given approximately by the Rayleigh equation:®

CD = kA/NA (1.1)

In equation 1.1, CD is the critical dimension, k is a coefficient that incorporates
process-related factors, NA is the numerical aperture of the optical system, and A is
the wavelength of the projection light. During the past decades, the resolution (CD)
has been systematically improved (CD became smaller) by optimizing the process
factor k, which has reached its practical limit at k = 0.25, and by reducing the
wavelength of the incident light* In the past decades, the wavelength used in
optical lithography was continuously scaled down from 436 nm, 365 nm, 248 nm
until 193 nm.> *® The shorter wavelengths are dictated by the available light
sources, which in practice are excimer lasers, KrF for 248 nm and ArF for 193 nm.
A natural next choice would have been to turn to the F, laser at 157 nm, but this
turned out to be problematic (the birefringence of the CaF, crystal lens, vacuum
exposure, etc.).'’ Instead, the 193 nm wavelength scanners where improved by
using immersion lithography, which allowed to increase the numerical aperture
from NA = 0.93 to NA = 1.35.""""* With these improvements, the lower limit of the
critical dimension is now CD = 0.25 x 193 / 1.35 = 36 nm. To create smaller
features, multiple patterning techniques are required. To avoid the added costs of
these processes and to open a new path to smaller CD’s a significant step was
needed. Extreme ultraviolet photolithography (EUVL), which uses 13.5 nm
radiation, was developed to meet these challenges.g’ 15,16

To achieve high quality patterns, the variation of the pattern feature is one of the
most significant problems.'” '® The variation of the line boundary of the resist
pattern is called line edge roughness (LER)."® Kozawa et al. have investigated the
reason for the LER." Almost all of the resists and process factors can affect the
LER." At the beginning, the molecular size was considered to be the main reason
for LER since it was considered the minimum dissolution unit.” Later, Kozawa et
al. found that the chemical inhomogeneity generated at the edge of the pattern
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between the unexposed and exposed areas (or soluble and insoluble molecules) was
the main concern.”"** Since the photon induced chemical reaction is a stochastic
process, the inhomogeneity in the distribution of the soluble and insoluble
molecules at the boundary leads to LER generation.”"* As the pattern resolution is
aiming at approaching the atomic scale in EUV photolithography, the stochastic
effects are becoming a more and more serious concern. The photon shot noise in
particular is a fundamental physical limitation.”> ** The difficulty to improve the

resolution, LER and the sensitivity simultaneously is also known as the RLS trade-

off, illustrated in Fig. 1.1.22¢
Sensitivity
Dose
Trade-off
Resolution Roughness
Critical Dimension Line edge roughness (LER)

Figure 1.1. The resolution: LER: Sensitivity or RLS trade-off.

1.2 EUYV photolithography

EUVL development has been initiated in the 1980s, and it was suggested to viably
extend Moore’s law.””*® EUVL has many similarities with the previous generations
of optical lithography technologies. The pattern resolution in EUVL still follows the
Rayleigh equation. Since the wavelength used in EUVL is 13.5 nm it potentially
supports the resolution of the pattern down to sub-10 nm in a single process step.'
It enables the feature size on the semiconductor chips to become smaller and
smaller.””'
Yet, there are some important differences between the ultraviolet lithography
technologies and EUVL, which are mainly due to the extremely short wavelength of
13.5 nm used in EUVL. One of the most significant differences is the EUV optics,
which rely on reflection instead of traditional transmission optics. The schematic of
current optical train in an ASML EUV photolithography machine is shown in

Scheme 1.2.
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In order to make EUVL a high-volume manufacturing tool for electronic devices,
big efforts have been put in the EUV light source, optics, metrology, contamination
control, masks and mask handling, and resists. Among these components, the
photoresist is considered as one of the most critical issues in realizing EUVL in
industry. In this thesis, we focus on the EUV photoresists.

Field facet mirror, Mask = grating

N

Intermediate focus

«Collector
Wafer—s¢

9 July 2013, Sematech Workshop on High-Na, Winfried Kaiser, Jan van Schoot

Scheme 1.2. Current optical train in ASML EUV photolithography machine (NXE:
3300/3350/3400).

1.3  EUYV photoresists

A photoresist is a photo-responsive material of which the solubility can be switched
by irradiation-induced chemical conversion, in many cases followed by a heat
treatment. In the development of photolithography, each wavelength reduction has
required the preparation of novel photoresists that are not only sensitive at the new
wavelength, but also meet all of the requirements of an effective resist material. A
good resist that is acceptable for high-volume manufacture must give good
resolution, high solubility contrast, good etch resistance, high sensitivity and low
outgassing. In order to continuously push the critical feature size down in EUV
lithography, considerable efforts have been put in developing photoresists for the
next generation EUV lithography.32

EUV photoresists with high sensitivity are preferable, because the EUV exposure
tools are currently photon limited. Thus the sensitivity of the photoresist plays an
important role in EUVL. The shrinkage of the CD also places restrictions on the
thickness of the photoresist. The aspect ratio is defined as the height divided by the
width of the features being patterned. The aspect ratio of 2.5 or smaller has been
acceptable. Higher aspect ratio starts to incur larger potential for pattern collapse.™
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For 15 nm features fabrication, a film thickness around 30 nm is routinely used. As
a result, a high absorbance of the thin photoresist at 13.5 nm becomes the key factor
for the sensitivity of the EUV photoresist. Ultra-high absorbance on the other hand
should also be avoided because it leads to an insufficient penetration depth of the
light so that the film cannot be completely exposed down to the substrate. It has
been identified by Kunz et al. that ideal imaging is typically achieved for a film
transmittance of 50 — 80%.>* Kozawa et al. reported that a minimum transmittance
of 70% is required for vertical sidewalls.*>*® Based on the Lambert-Beer law, when
a 30 nm film is used and the transmittance is 70%, the needed absorption coefficient
of the photoresist is around 12 um™. Because the source power of the current
generation of EUVL machines is limited, and overall reflectivity of the EUV optics
is relatively low, a resist sensitivity on the order of 10 — 15 mJ cm™ has been
mentioned as a requirement to achieve the wafer throughput that would make EUV
economical.”* But it may generate high LER under this low dose due to the photon
stochastics. To search for proper materials with required absorption, the absorption
cross section of different elements has been calculated from tabulated data’’, as
shown in Fig. 1.2.

2x10" 7 Alkaline metals

Alkaline earths

Transition metals
Basic metals TeXe *
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Non metals sn |y
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* v A & 4

1x107

Mn NiZn As Eu Dy Hg
Na Co Ga

Cu

F Mg Os
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Figure 1.2. Atomic absorption cross-section at EUV (13.5 nm) of elements with
atomic number Z from 1 to 86, from tabulated data.””*® Figure from ref. 38.

Traditionally, the photoresists are polymer molecules, mainly containing carbon and
oxygen atoms.”*' After considering the EUV absorption cross-sections of the
different elements illustrated in Fig. 1.2, metal-containing materials were
investigated as photoresist for EUVL instead of traditional organic polymer type
photoresist.
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1.3.1 Chemically amplified photoresists

The current standard type of photoresists is the so-called chemically amplified
photoresist (CAR), in which chemical amplification is accomplished by employing
acid catalyzed deblocking of dissolution inhibiting groups. The strong acid required
is generated by a local photochemical reaction of a compound called the photo-acid
generator.” Two of the common deprotection pathways are the conversion of
carbonates or esters to phenolic or carboxylic OH. The typical photo-induced acid
catalyzed deprotection chemistry (photoresist for 248 nm as an example) is shown
in Fig. 1.3. The chemical reaction increases the fraction of free OH groups in the
exposed part of the photoresist, which increases the solubility of the exposed part in
aqueous base. The chemically amplified photoresists are widely used in 193 nm
high-volume manufacturing lithography. For EUV lithography, researchers try to
further adapt the CAR concept to develop EUV photoresists.****

Since the absorptions of carbon and oxygen atoms are quite low at the EUV
wavelength, in order to increase the sensitivity, it is important to improve the acid
generation efficiency and catalysis as much as possible.”” The migration of the
catalyst is an essential aspect of the chemical amplification mechanism, but the
spreading of catalyst also leads to the decrease of resolution and increase of LER.*
To prevent the acid diffusion and improve the LER, base quencher was added into

the photoresists thin film to react with the residual acid.*”**

fCHCHY ~CH,CHY-

@

H H
—_— * CO, + CH3\§;/C )
CH
o__o_/ OH / CHs
| / “CHs hydrophilic
CHs PHOST ® CHs
H + CH=C
lipophilic “CH;
PBOCST regeneration of acid

Figure 1.3. Acid catalyzed deprotection chemistry (photoresist for 248 nm as an
example). Figure from ref. 41.

The photoreaction mechanism of the CAR under EUV exposure was investigated
by several groups.“g'51 The main difference is that the photons give rise to molecular
photochemistry during photolysis at 193 nm or even longer wavelength exposure.
Under EUV (92 eV) exposure, primary photoelectrons are emitted from the valence

band and the semi-core levels. These primary electrons have sufficient energy to
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further ionize the photoresist molecules, generating secondary electrons, as shown
in Fig. 1.4. Not only the photon-induced chemical reaction, but also the
photoelectrons generated after the EUV photon absorption contribute to chemical
conversion.”® The photoelectron generating mechanism under EUV is the same
regardless of the type of photoresist. Because the photoelectrons diffuse within the
photoresist, they induce the so-called secondary electron blur, which decreases the
resolution and increases the line edge roughness of the EUV generated pattern.’

Effort also needs to be put to improve the etching resistance of the organic polymer
type photoresists. The final goal of the photoresist is to protect the underlying
substrate from the etching. But with the resolution increasing, the film thickness of
the resist has to be decreased to prevent pattern collapse. The thinner the organic
photoresist film, the harder for the film thickness to protect the under-layer
substrate from the etch process.”* To avoid these problems of organic polymer type
photoresist, molecular organometallic photoresists started to be introduced.

2" o. Holes

e
EUV > - =
hv ~N

78-86 eV
Photoelectron

Figure 1.4. Qualitative scheme depicting multiple electrons being created after the
absorption of an EUV photon. Figure from ref. 52.

1.3.2 Metal containing photoresists

As an alternative to the traditional organic polymer type photoresist, which is
mainly composed from carbon and oxygen atoms, the metal containing photoresist
were introduced to EUVL. Based on the absorption cross sections at the EUV
energy of 92 eV, shown in Fig. 1.2, metals can be expected to have much higher
absorption than most of the organic photoresist under EUV exposure. Additionally,
the metal containing photoresists also have higher mass density than the organic
photoresist, which potentially decreases the secondary electron blur.” Since this
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type of photoresists are not blended with photoacid generators, acid diffusion is not
a problem any more when the molecular metal containing photoresist is used.

The metal containing resist started to attract interest due to their high EUV
absorption cross section, which can fulfill the absorption coefficient requirement of
EUV photolithography. The hybrid metal containing type photoresists were
introduced, firstly by Ober’s group at Cornell introduced the Hf- and Zr-containing
type nanoparticles mixed with a photo-acid generator were tested as EUV
photoresists.”**® The properties of hybrid photoresist, their EUV patterning
performance, and the chemical reaction mechanism were introduced with this work.
Based on photolysis of the carboxylic group and surface charge change of the
nanoparticles, the hydrodynamic size of the nanoparticles can be changed, therefore
switching the solubility of the photoresist.” ® It was shown that the Zr-/Hf-type
nanoparticles give 25 times higher etching resistance than polymer type
photoresists.®’ Additionally, the sensitivity of these Zr- and Hf-type photoresists
was demonstrated with high-resolution patterns with EUV doses as low as 4.2 mJ
cm™’® Hf-, Zr- and Ti-methacrylate clusters were introduced by Castellanos’s
group as EUV photoresists.”” HfSOx cluster photoresist was introduced and the
mechanism was studied by Herman and coworkers.” They also use a sodium
template butyltin cluster with B-Keggin,** and butyltin oxo hydroxo,” as model
photoresists to investigate the patterning mechanism. Other molecular hybrid
compounds inspired in metal organic frameworks comprising Zn-based dimers were
introduced as EUV photoresist by Ober and coworkers.*® Brainard’s group explored
a wide range of metal containing molecular type photoresists such as palladium and
platinum containing molecules as positive tone photoresist,”” antimony molecule
photoresist,”® tin molecule photoresists (negative tone).”” " All the photoresist
introduced above show good resolution and sensitivity performance. The US
company Inpria was the first to develop inorganic photoresists for industrial
application.”"”” The actual molecular structure was not disclosed, but it it known to

77 and a publication” suggest that it is

be tin-based, and both patent descriptions
like the tin cages discussed below. Several chemical structures of the metal

containing photoresist mentioned above are shown in Fig. 1.5.

The absorption coefficients of different metal containing photoresists at the EUV
energy were measured by Fallica et al**7® The advantage of the metal containing
photoresist is a clear superiority over the organic type photoresist when we consider
the EUV absorption ability, especially for the tin containing photoresists.

To improve the sensitivity of the EUV photoresist, except improving the EUV

absorption, the photoresists also need to efficiently undergo photolytic conversion.”’

The photolysis of the carboxylic group upon UV irradiation has been reported.®*”®
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This mechanism has been observed in several EUV photoresist systems, such as Hf-,
Zr- based nanoparticles, and Zr-, Hf- cluster, and L,M(C,0,) type resist, 5% 6% 67:68.79.
% Their performance under EUV exposure shows that the design based on the
reaction mechanism is a good approach to create new EUV photoresist.

@ [ = bl (b)
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Figure 1.5. (a) Hf-, Zr- based nanoparticles from Ober’s group.” (b) Hf-, or Zr
cluster from Castellanos’ group.” (c) Tin carboxylate molecule from Brainard’s
group.”’ (d) Pt based photoresist from Brainard’s group.”’

Above all, various metal containing photoresists were investigated as EUV
photoresists. Not only the pattern performance under EUV lithography, most of the
works also introduce the chemical reaction mechanism of the photoresist under
EUV exposure. In addition to searching for the best pattern performance, we also
would like to understand the reason behind. In this way, we might find a more
efficient way to build more efficient EUV photoresists.

1.3.3 Tin-containing photoresists

Among all the metal containing molecules or complexes, the tin-containing
molecules are probably the most attractive due to their potentially high EUV
absorbances. The tin containing organic molecules are called organotin compounds
if they contain at least one bond between tin and carbon. The organotin molecular

complexes have been developed for decades.®™ Their diversity of structures and
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their suitability for construction of frameworks have attracted the attention of many
research groups throughout the world. Various applications make use of organotin
compounds, such as biocides, oil production, fracturing thickening agent, and green

corrosion inhibitor.3*%

They also start to set their foot into the EUV photoresist
field. Based on the expectation mentioned above, the metal carboxylate complexes
can be good EUV photoresists, those tin oxo cages also can be used as EUV
photoresist. Among all the organotin compounds, the tin containing cages as shown
in Fig. 1.6, have attracted the attention from Brainard et al.”’ The cages contain 12
tin atoms and twelve organic groups connected to the tin atoms, and also 20 oxygen
atoms in the framework connecting the tin atoms. This tin oxo cage (with isopropyl
R-groups) was first reported by Puff and Reuter.®” The synthesis method and the
molecular structure were introduced and characterized carefully. This structure is
stable and soluble in many media, it can be crystallized and its structure has been
well characterized. But there was no specific property or potential application
described for this interesting molecule until Brainard’s group introduced it as a
metal-organic EUV photoresist.”” They used the 12-Sn and oxygen as the main
framework, the counterion and the outer shell organic chain were exchanged. The
conditions used to prepare this compound into EUV photoresists were tested and
optimized. Clear patterns were achieved under EUV interference lithography and
the lithographic performance of tin oxo cages with different organic groups and
counterions was also tested and compared. They successfully employed the tin oxo
cages as EUV photoresists. But the photochemical reaction mechanism upon EUV
exposure was not clear.

Another kind of organotin molecule introduced by Brainard’s group into EUV
photoresists are single tin atom containing organotin carboxylates.” Twenty one
compounds of the type R,Sn(O,CR’), were tested under EUV exposure.” The
photoreaction mechanism is clearer than in the case of the tin cages. Here it is
mainly the decomposition reaction of the carboxylate and the Sn-C bond cleavage.
They also found out the relationship between the hydrocarbon group size and the
dose to gel value. Their results indicated that the sensitivity of photoresists showed
strong correlation with the R groups, while the carboxylate groups were unlikely
involved in the reaction upon EUV exposure. But when the R group is fixed, the
higher the molecule weight of the R’ group, the lower the sensitivity of the
photoresist, except the acrylate and methacrylate compound. Their sensitivity and
high-resolution pattern ability under EUV exposure have been proven.

In this thesis, we study two kinds of tin compounds. The main subject is the
organotin oxo cage as shown in Fig. 1.6. In addition we briefly explored low valent
tin(II) carboxylates. The tin oxo cages were chosen due to their well-defined
molecular structure, high EUV sensitivity, their easy synthesis and good pattern
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ability which made them good to use as a model system to investigate the chemical
reaction mechanism upon irradiation. In addition to EUV, we also use DUV as
irradiation source to trace the photoreaction in the model EUV resist. In the last
chapter we also explore tin(Il) 2-ethylhexanoate and tin(Il)acetate, which are
formally not organotin compounds, and can be expected to react via different
pathways. Tin(II) 2-ethylhexanoate has been applied for UV-assisted imprinting
lithography.”™ The photoreaction mechanism upon UV exposure has been
described.”

Bu
\ Bu
o= o
s Bu
Bu / RS \S/
HO\gn_Q— O -——_"n‘\\OH
- Bu - - ®
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Figure 1.6. Chemical structure diagram of the tin oxo cage
[(BuSn);,0,,(OH)s] (OH); with hydroxide as counterion.

1.4 Aims and outline of this thesis

This thesis is the result of a research project in the Nanophotochemistry group at the
Advanced Research Center of Nanolithography. In our group, we are aiming at
investigating the photoreaction mechanism inside the photoresist for next
generation photolithography. In this thesis, we used the tin oxo cages as a model
compound and investigated the reaction mechanism of the photon-induced reaction.
The possibility of using a small tin containing molecule as photoresist was also
investigated.

In Chapter 2, we discuss the details of the experimental methods we used
throughout this thesis. The chapter starts with sample preparation method and the
way we used to characterize the pattern performance. It then shows the methods we
used for characterizing the photon-induced chemical changes in the photoresist.

In Chapter 3, the photoreactions of the tin oxo cages with hydroxide group upon
deep UV (225 nm) exposure under dry N, and air atmosphere are studied and
compared by using hard X-ray Photoelectron Spectroscopy (HAXPES). The
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photoreaction mechanism in the tin oxo cages is proposed. XPS is demonstrated to
be a valuable technique for investigating the chemical changes in the photoresist
thin films. This work serves as a motivation for the following studies on the
photoreaction mechanism in the photoresist thin films upon exposure.

In Chapter 4, the effect of thermal processing on the chemical reactions and
reaction yield in the tin oxo cages are investigated, again using HAXPES. In
addition to the photon-induced reaction, we prove that the chemical reactions in the
bake processes also act as significant roles in the final performance of the
photoresist.

In Chapter 5, we used three kinds of tin oxo cages, which have the same cage
structure but three different conterions (hydroxide, acetate, trifluoroactate), to
investigate the relationship between photon absorption, chemical reaction and the
solubility changes in the photoresist.

In Chapter 6, we study the pattern performance of the tin oxo cages under EUV
exposure. Different process conditions are tested. Our results indicate that
sensitivity and resolution are only meaningful for photoresist when the process
conditions are optimized.

In Chapter 7, we investigate the photoreaction mechanism of tin oxo cages under
EUV (13.5 nm) and DUV (225 nm) exposure. Different X-ray photoelectron
spectroscopies combined with mass spectrometry methods are used to investigate
the photon-induced chemistry in the photoresist films. To study primary reactions
between photons and the tin oxo cage, the photoelectron spectrum with photon
energy 92 eV was measured.

In Chapter 8, we describe the discovery of a dual-tone property of the tin oxo cages
photoresist upon EUV and E-beam exposure. Additionally, we study the chemical
reactions in the TinOH thin films under different conditions.

In Chapter 9, we study possibility of using the tin(II) carboxylate molecules as EUV
photoresist. The patterning performance and the chemical reaction of the thin films
upon EUV are studied.
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Chapter 2

Experimental methods

This chapter describes the experimental methods used in the research described in
this thesis. This includes preparation of photoresist thin film samples, their exposure
to electron beams and to deep ultraviolet (DUV) and extreme ultraviolet (EUV)
light, and characterization of the films before and after exposure. In most of the
work, we focus on tin-oxo cage molecules as photoresist models, as discussed in
Chapter 1. These compounds were synthesized in our laboratory by Jarich
Haitjema. In Chapter 9, commercial tin(II)carboxylates are explored.

Photoresist samples are prepared as thin films on flat and smooth substrates by
means of spin coating. Different substrates are used depending on the application or
the analysis method to be used: quartz substrates, which are UV-transparent, are
used for UV-vis absorption spectroscopy; double side polished Si wafers and CaF,
substrates, which are IR-transparent, are used for FTIR spectroscopy; bare Si wafers
or Si wafers coated with HMDS are used as substrate for patterning; Si wafers
coated with Cr (2 nm) and Au (18 nm) as conductive substrate are used for X-ray
photoelectron spectroscopy. The topography and the surface roughness of the
sample are characterized using atomic force microscopy (AFM). After the thin film
is prepared, various exposure methods are used to investigate the response of the
photoresist. For 225 nm deep ultra violet (DUV) exposure a laser was used, or
Laser Driven Light Source System with a monochromator. Extreme ultraviolet
(EUV) radiation (13.5 nm; 92 eV) was obtained from the EUV interference
lithography tool at the Swiss Light Source XIL-II beamline (Paul Scherrer institute,
PSI, Villigen, Switzerland). For electron beam exposure (E-beam) an e-beam
lithography tool was used. After development and other follow-up processes such
as rinse, post exposure bake (PEB), and hard bake (HB), the patterns of the
photoresists were characterized by using AFM and scanning electron microscopy.
In order to gain information on the photochemical conversion in the photoresist,
UV-vis spectroscopy, IR spectroscopy, mass spectrometry, and photoelectron
spectroscopy were used to characterize the chemical properties of the photoresist
both before and after EUV/DUV exposure. Combining the above characterization
methods, the properties and the chemical changes of the photoresist were evaluated.
In this chapter, we briefly introduce the working principles and implementations of
the most important tools and techniques used in this research.
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2.1  Spin coater

As it was explained in Chapter 1, photoresists materials are applied as thin films on
a substrate by spin coating. Typically, the film thickness required is several tens of
nanometers. Ideally, the surface roughness (Rg) of the photoresist thin film should
be below 0.5 nm, due to the requirement to write high-resolution patterns on it. In
order to meet this requirement, different spin coating parameters need to be
optimized, such as the spin coating speed, acceleration, spinning time, solvent, and
surface tension of the substrate.

Spin coating has been widely used in the semiconductor industry as a method to
prepare uniform thin films on flat substrates. The photoresist material is dissolved
in an organic solvent and a certain amount of the solution is applied on the substrate.
The spin coater accelerates the substrate to a high rotation speed, and the majority
of the solution will be flung off the substrate. At the same time, the high-speed
airflow above the substrate can remove the remaining solvent from the thin film and
leave the photoresist layer. Using this simple and easy method, a homogeneous,
uniform thin film of photoresist can be deposited on the substrate. The spin coating
process is illustrated in Scheme. 2.1.!

\ dw/dt =0 w w

Ol

deposition spreading flinging off evaporation
Scheme 2.1. Spin coating process.

The film thickness (/) is proportional to the concentration of the solution (c¢) and to
the inverse square root of the spinning speed (angular velocity) (1/Vw). Compared
with the spinning speed, the concentration of the solution plays a more important
role in determining the film thickness obtained. The spin speeds chosen determine
the range of the film thickness that can be realized from a certain solution. The film
thickness will also depend on the solvent viscosity, vapor pressure, local
temperature and humidity. Therefore, the film thickness curve of a certain material
is determined empirically. At low concentrations, the film thickness depends
approximately linearly on the solution concentration. In this thesis, we prepared the
tin-oxo cages into thin films for different purposes; we mainly controlled the
concentration of the solution. Here, we use the tin-oxo cages with hydroxide
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counterion (TinOH) as an example. The compound is a powder that was dissolved
in toluene at different concentrations and spin coated with the same spin coating
parameters (acceleration 700 rpm s™', final speed 2500 rpm for 35 s) on the Si
substrate. The relationship between the film thickness and the solution
concentration as determined using AFM (section 2.2), is shown in Fig. 2.1.
Importantly, we find that the spin coating procedure is well reproducible, also on
different spin coaters in different laboratories.
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Figure 2.1. Thickness of TinOH films vs. concentration (in toluene) for a fixed set
of spin coating parameters.

22 AFM

The topography and the surface roughness of the sample are usually characterized
by means of atomic force microscopy (AFM). AFM is a high-resolution imaging
technique with a small probe (tip) scanning back and forth in a controlled manner
across a sample to measure the surface topography at up to atomic resolution. A
laser beam deflection system is equipped in AFM, where a laser is reflected from
the back of the reflective AFM cantilever onto a position-sensitive detector. AFM
relies on the forces between the tip and the sample surface, by measuring the
deflection of the cantilever. The force (F) can be calculated by using Hooke’s law
(eq. 2.1) where z indicates the bending, and k& the stiffness of the cantilever.’

F=—kz 2.1)

There is a feedback loop using the laser deflection to control the force and tip
position. As the tip interacts with the sample surface, either controlling the force F



22

(corresponding to contact mode) or the position z (corresponding to tapping mode),
the laser position on the detector can be used in the feedback loop to trace the
surface topography and generate images. The working principle of AFM is shown
in Scheme 2.2.

Cantilever

L Vi

Sample Surface

Scheme 2.2. Schematic for Atomic Force Microscopy.

In our experiments we used the ScanAsyst-Air mode with a silicon tip on a Nitride
cantilever in Bruker Dimension Icon AFM. The ScanAsyst mode is developed
based on the Peakforce tapping mechanism, which decouples cantilever response
from resonance dynamics, to adjust all critical imaging parameters automatically.

The film prepared from spin coating can be characterized by AFM. To measure the
film thickness, a scratch is made through the thin film, and AFM is used to scan
across the edge of the scratch. The surface roughness of the thin film, which is
characterized as the root-mean square roughness (R,), also needs to be controlled in
the thin film preparation procedure and can be derived from AFM measurement.
The chemical compatibility of the substrate and the solution is important for the
formation of a smooth spin-coated film. When the solvent and the substrate are both
hydrophobic or hydrophilic, the solution will spread across the surface.' To
illustrate this, solutions of TinOH in different solvents (isopropanol, 2-butanol and
toluene) were spin-coated on silicon with a native oxide layer (hydrophilic) and on
a silicon/silicon oxide substrate that was previously allowed to react with
hexamethyldisilazane (HMDS) to make it hydrophobic. The surface topography of
the different samples was imaged with AFM as shown in Fig. 2.2.

As is shown in Fig. 2.2, the topographies of the TinOH thin films under different
preparation conditions are quite different. Comparing the three samples in a), b) and
c), in polar solvent as IPA and 2-butanol, the topography of the thin film looked
really rough and seems to form crystallized structures in a), and holes in b). In c)
the surface also shows some larger structures, but the surface roughness and height
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difference are smaller than in a) and b). Based on the condition in c), we tried to
optimize the process again. Firstly, a post apply bake step (PAB) was added and
afterwards the topography is shown in d). The height difference becomes smaller,
but the large structure was still observed. A further optimization was done on the
substrate. By modifying the substrate to make it very hydrophilic using oxygen
plasma treatment or hydrophobic using HMDS, the final surface roughness of the
sample was improved significantly to R < 0.5 nm as shown in ¢) and f). The
possible reason could be that the tin-oxo cages contain hydrophobic components
(butyl chains) and hydrophilic groups, which help it deposit on
hydrophobic/hydrophilic surface homogeneously. Since the HDMS treatment is
easier to apply, we used this method to prepare thin films for all further experiments,
such as to test the tin-oxo cages performance under EUV/DUV/E-beam lithography.

o @
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Figure 2.2. Topography of TinOH films (a-d) on a non-treated Si substrate
prepared from solutions (a) in isopropanol (IPA), (b) in butanol, (c) in toluene, (d)
in toluene followed by a post application bake (PAB) step, (e) on oxygen plasma
treated Si wafer in toluene and followed by a PAB step, (f) on HMDS surface
treated Si wafer in toluene with PAB.

2.3 E-beam lithography

Electron-beams are often used as a surrogate for other high-energy radiation
patterning, because when using high energy photons the chemical changes are
caused mostly by secondary electrons, as discussed in Chapter 1, which are also the
main chemical agents arising from electron beam irradiation. In this work, E-beam
lithography was performed using the Raith Voyager at the Amsterdam Nanocenter
(AMOLF). The beam energy was up to 50 keV and the current range was from 50
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PA to 40 nA. The beam size can be less than 2.5 nm. E-beam lithography was used
to test the dual-tone pattern performance of the tin-oxo cages resist in Chapter 8.

2.4 EUYV interference lithography

As mentioned above, we use extreme ultra violet interference lithography as a
patterning method to test the performance of the tin-oxo cages as EUV photoresists.
After preparing the photoresist amorphous thin film, the photoresist layer can be
exposed to the interference pattern of coherent beams that form a parallel wave and
hence an optical pattern featuring intensity peaks and valleys. In this research, we
used the EUV interference lithography tool at the Swiss Light Source XIL-II
beamline (Paul Scherrer institute, PSI, Villigen, Switzerland).z"5 The working
principle of EUV interference lithography is described in references > *. The
incident beam from the synchrotron source passes through two diffracting gratings
(Cr/Mo based) on the Si;Ns membrane, generating the interference pattern from the
two first-order diffracted beams on the photoresist layer. The dose on the mask and
the dose on the sample can be measured and controlled. The scheme of the two-
beam EUV transmission-diffraction interference lithography method for patterning
line-space structure is shown in Scheme 2.3.
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Scheme 2.3. EUV interference lithography. Only the I and 2" order diffractions
interfering beams at angles ©; and O, are illustrated. The diffracted beams that
diverge are omitted here.’ The physical dimension is depending on the specific
mask; here we use an example from reference 6.
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As explained in reference 5, when the incident beam arrives at the mask and passes
through the grating, it is diffracted by each grating in certain angles &m given by:

sin®,, = mA/P, 2.2)

In eq. 2.2 m is the diffraction order and P, is the grating periodicity. When the two
gratings are illuminated with the same intensity, in the area where the diffracted
beams interfere the periodicity (pitch) P of the aerial image is given by eq. 2.3.

A

2sin (3)

2.3)

Since A = 13.5 nm, the pitch can be as small as ~7 nm, which is half of the
wavelength. In equation 2.3, © is the angle between the two diffracted beams and in
the case of two beams as in Fig. 4, © = 26,,, and therefore, combining equations 2.2
and 2.3, we arrive at equation 2.4.

P =P,/2m (2.4)

The size and shape of the exposed pattern is the same as the size and shape of the
gratings, but the line pattern of the grating is demagnified. It is common practice to
describe the resolution of a lithography method by the half pitch (P) of the pattern
it generates. In the interference lithography with m = 1, the resolution of the pattern
will be HP = Py/4. For example: P, = 72 nm gratings on mask can make a /P = 18
nm structure on wafer. Thus, in addition to the incident beam wavelength, which is
determined by the light source, the line spacing of the grating is another essential
component for high-resolution interference lithography.

The photon flux of the beam is between 20 and 50 mW cm™. By controlling the
exposure time, the dose on the sample can be controlled. The exposure is done in
the end station chamber with 107 mbar vacuum. High resolution patterns with 6 nm
half pitch have been demonstrated in this set up.°

2.5 DUYV exposure

A YAG-pumped OPA laser (Ekspla NT342B, University of Amsterdam), delivering
nanosecond pulses at 225 nm at 10 Hz (2.5 mJ/pulse) was used as the irradiation
source. The irradiated spot was approximately round, with an area of around 0.2 cm’
?_ Alternatively, a continuous light source was used consisting of an Energetigs EQ-
99X Laser Driven Light Source System with a TRIAX190 monochromator. Using a
band pass of 10 nm, this delivers 0.2 mW cm™ at the sample.
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2.6  Scanning Electron Microscopy

After development and other subsequent processes (such as rinse, post exposure
bake, and hard bake), the patterns' quality on the different photoresists was
evaluated by means of scanning electron microscopy (SEM). The SEM generates
images by scanning the sample with a high-energy beam of electrons. As the
electrons interact with the sample they produce secondary electrons, backscattered
electrons, Auger electrons, characteristic X-rays and cathodoluminescence. Usually,
the secondary electrons or the backscattered electrons are collected by detectors and
the resulting signals are converted into images. The SEM schematic is shown in
Scheme 2.4.

Cathodoluminescence

Secondary electron Backscattered electron

Auger electron

Sample Surface

Scheme 2.4. Schematic of a SEM.
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Figure 2.3. SEM images of TinOH photoresist patterned by means of EUV
interference lithography.

In this work, SEM was performed on a FEI Verios 460 at Amsterdam nanocenter
(AMOLF). In addition to AFM, which is mainly the tip diameter that limits the
measurement accuracy,7 SEM was used to characterize the line patterns of the
photoresist. A significant issue of SEM is the sensitivity of photoresist to beam
damage.® ° To decrease the damage caused by the electrons on the photoresist
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pattern while scanning, all the SEM in this thesis is taken at a relatively low
acceleration potential of 1 kV and a moderate current of 50 nA. The SEM is used to
characterize the pattern generated from the EUV interference lithography, and an
example is shown in Fig. 2.3.

2.7 X-ray Photoelectron Spectroscopy

In order to obtain information on the chemical conversion in the photoresists thin
film upon irradiation, extremely sensitive analysis techniques are required. X-ray
photoelectron spectroscopy (XPS) is a widely used surface-sensitive technique and
it plays a key role in the research described in this thesis.'’ It can be applied to a
broad range of materials and can provide quantitative chemical state data of the
samples.

Spectrum

2D-MCP plate I ]
for KE determination  Host computer

| Sample Stage
e : photonelectron electron

Scheme 2.5. The basic components of an XPS instrument.

The components of an XPS instrument are shown in Scheme 2.5. An XPS
instrument essentially is composed of an X-ray source, electron extraction optics
and energy filter (bandpass filter), and a detection system. The X-ray source used
should have sufficient photon energy to access a proper number of core level
electrons. The commonly used X-ray sources are Al Ko and Mg Ka emission
sources, and synchrotron radiation. When X-rays hit the sample, photoelectrons are
ejected with a series of energies and directions. The electron optics consisting of a
set of electrostatic and/or magnetic lens units can collect a portion of these emitted
electrons, and those electrons are transferred through the apertures. Electrostatic
fields are set within the hemispherical analyzer to only allow electrons of a certain
energy (pass energy) to reach the detector slits and onto the microchannel plate
which is for Ej;, determination. In order to increase the energy resolution, it is
common that electrons are already decelerated with a band pass filter before they
are directed to the hemispherical analyzer. The signals are transferred as spectra on



28

the host computer. H

In this thesis, to characterize chemical changes in the
photoresists upon EUV/DUV exposure we used two XPS instruments with a
monochromatic Al Ka X-ray source (1.5 keV photon energy) at PSI (Surface
Science Lab) and at ARCNL/AMOLF. Both instruments used a hemispherical
energy analyzer: a SPECS Analyzer Phoibos 150 in the PSI Surface Science Lab,

and a SCIENTA HIPP-3 at ARCNL/AMOLF.

When the X-ray beam is directed onto the sample, the X-ray photon energy can be
absorbed by the core level electrons in the atoms. When the core-level electrons get
enough energy from the photon, they will escape from the atoms. Most of the
photo-emitted electrons can undergo inelastic collisions, recombination, recapture
or trapping in different excited states within the sample, which can reduce the
number of escaping photoelectrons. Only a small fraction of the electrons can
escape from the sample surface with a certain kinetic energy Ej;,, which can be
measured by the electron spectrometer (detector). The binding energy Ep;s of the
emitted electrons can be determined by using the Einstein relationship, equation 2.5:

Ebind = Ephoton - (Ekin + I/j) (25)

In eq. 2.5 Ejinq 1s the binding energy of the electron, £y, is the energy of the X-ray
photon, Ej;, is the kinetic energy of the electron, which is measured by the
instrument, and w is the combined work function of the spectrometer and the
sample. The work function of the spectrometer is constant for a given spectrometer
and can be quantified by a specific calibration by using a clean gold foil as a
reference. The gold is used as reference because it is a conducting material and the
measured values do not need to have an added charge correction to the reported
values."” Contrarily, for non-conductive samples, photoelectron emission leads to
surface charging, which can affect the sample work function. As the photoelectrons
are ejected, positive charge can build up at the sample surface and shift the Ej;,
values. When the surface charge is stable and uniform, one practical way is to use
the binding energy of C Is from carbon species involved in C-C or C-H (285.0 eV)
bonds or the binding energy of Au 4f from a gold coating (84.0 eV) as an internal
standard to correct all the measured Ep;,,."

Since each core-level electron has its unique binding energy, all the elements except
hydrogen and helium can be identified by this technique through the binding energy
measurement. The binding energy of the core-level electron is sensitive to the
chemical environment. In this thesis, the XPS spectra were calibrated according to
the Au 4f7, peak from a gold foil or the C Is peak from hydrocarbon bonds as
mentioned above before the different spectra were compared to each other to
measure relative peak shifts. The schematic of XPS is shown in Scheme 2.6.
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Scheme 2.6. Mechanism of X-ray photoelectron spectroscopy.
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Figure 2.4. Inelastic mean free path of electrons as a function of the electron
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kinetic energy in different solids.
The photoelectrons generated in the sample during XPS experiments with a certain
kinetic energy can only travel a limited distance, which means that only the
electrons emitted and escaped from near the surface of the sample can be detected.
The characteristic depth d from which the emitted photoelectrons reach the detector



30

is called escape depth.'* > When the effect from elastic electron scattering are
negligible, the escape depth (ED) can be simplified as the product of the inelastic
mean free path (IMFP) and cosine of electron emission angle.'” '® Since the
emission angle is fixed for each measurement, the ED is proportional to the IMFP.
The IMFP of electrons as a function of the Ej;, in different solids is shown in Fig.
2.4.'% " Based on the relationship in Fig. 2.4 and equation 2.5, with the photon
energy increasing, Ej;,g is constant, and Ej;, is increased in the same way as the
photon energy. When Ej;, increased, the mean free path of the electrons and,
accordingly, the escape depth are also increased significantly.'”

When 1.5 keV X-ray condition is used, the maximum escape depth is around 5 nm
from the sample surface, and thus only electrons within this depth can escape into
the vacuum and be detected by the electron spectrometer. All the samples for XPS
are prepared as thin films of ca. 20 nm thickness on 1 x 1 cm’ substrate. To fulfill
the conductivity requirement, all the substrates are pre-coated with 2 nm Cr and 18
nm Au. At PSI, the X-ray beam size is around 2 x 2 mmz, which is a large area and
allows to collect photoelectrons from almost the whole sample surface. At AMOLF,
the X-ray beam size is around 100 um”. All the spectra were recorded in the
transmission mode of the hemispherical analyzer. In order to compare the data with
different photon energies and different equipment, the relative sensitivity factors are
considered during data analysis as described below in section 2.9.

2.8 Low dose photoelectron spectroscopy

The synchrotron based low dose photoelectron spectroscopy (Low dose PES) at the
PM4 beam line (BESSY-II, Helmholtz-Zentrum-Berlin) is used for recording
photoelectron spectra with excitation at relatively low photon energies.”' It also
allows us to expose the sample to EUV radiation and measure the XPS in situ. We
made use of an angle-resolved time of flight (ArTOF) detector, which due to its
high transmission (around 13%) allows for ~1000 times faster acquisition times and
reduced dose rates compared to a traditional hemispherical analyzer, without losing
the energy resolution.”? In ArTOF, the full acceptance cone of the electron lens is
used and a time resolved 2D detector is placed at the end of the lens where the
angular pattern is projected. This design allows the simultaneous measurement of
two coordinates x and y and the arrival time of the electron. When all the
parameters are known with high precision, the trajectory and the corresponding
velocity distribution along it, can be calculated with high precision. The kinetic
energy of the emitted electrons and the emission angle also can be accurately
determined.”” By using the ArTOF, the sample change over time also can be
monitored, because the spectra for each individual event are stored.”
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Three plane gratings (150, 360 and 1228 I/mm) covering the photon energy ranges
7 — 1000, 18 — 2000 and 75 — 2000 eV are available in the PM4 beamline.?” The
photon energy range can be varied from 7 to 2000 eV by interchanging the gratings.
A lower photon flux is used in this beamline for probing the samples in order to
reduce radiation induced sample damage. In addition, it also reduces the sample
charging problems of the non-conductive samples. Fig. 2.5 shows the photon flux as
a function of photon energy for the three different gratings.

In the experiments at this beam line, due to technical difficulties we could only use
the 360 I/mm grating, c; 1.7. Since the range of the photon energy is wider as from
17 to 2000 eV, both the EUV exposure (at 92 eV) and recording the full range
photoelectron spectra (binding energy between 380 and 800 eV) can be realized
directly at the same time without breaking the vacuum at this end station. By
moving a slit out of the photon beam, the sample can be exposed to a higher dose of
92 eV photons, followed by high resolution XPS measurements at higher energies
to trace the chemical changes in the samples without any contamination from the
atmosphere.

photons/s
S

106 — 150 I/mm, ¢4 1.7
------ 150 I/mm, ¢4 3

— 360 I/mm, ¢4 1.7
10 3§ - 360 I/mm, c43
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energy (eV)

Figure 2.5. Photon flux as a function of photon energy for the three gratings (red,

green and blue colors), cy is the constant focus distance. This figure is adapted
from reference 21.

2.9 Hard X-ray photoelectron spectroscopy

The synchrotron based hard x-ray photoelectron spectroscopy (HAXPES)
established at the KMC-1 beamline at the BESSY II synchrotron was also used to
characterize the photoresist films. Comparing with the other XPS experiments, it
provides a high photon energy from 2 to 12 keV with high photon flux of 10''-10"
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photon s, combined with a special electron spectrometer, the SCIENTA R-4000
hemispherical analyzer. This special electron spectrometer was designed and
developed for the HAXPES and it can detect electron kinetic energies up to 15 keV
and meet the high requirement of stability and resolution during the measurement.
Based on Fig. 2.4, when the photon energy is around 2 - 12 keV, the probing depth
could be 2 — 20 nm, it even could reach to 80 — 100 nm with porous soft materials,
which means this technique with high photon energy can detect the electron from
the bulk of the materials.”® Variation of the photon energy was done to
unambiguously assign spectral features to direct photoionization lines, since for the
latter the electron kinetic energy increases with the incident photon energy, whereas
lines arising from Auger transitions have a constant kinetic energy. The total energy
resolution of the experiment, with the main contributions coming from the photon
bandwidth and the electron analyzer resolution, was estimated to approx. 250 meV.
The X-ray beam size is down to 100 x 100 um?® with power ~10 uW cm?, which
allowed the recording of the spectrum in a few minutes without significant damage
to the sample.”* These special properties of the HAXPES open up the possibilities
for the study of properties of the photoresist as thin film.>** The pressure in the
experimental chamber was in the low 10° mbar range, and the samples were
introduced via a load-lock chamber.

In this thesis, we mainly used 2005 eV as photon energy for HAXPES experiments.
All the spectra were recorded in the transmission mode of the analyzer. The sample
requirement for this measurement is the same as what has been mentioned in the
XPS measurement.

For quantitative analysis of the XPS spectra, sensitivity factors (S) need to be
considered, which convert the relative peak areas (/) to relative numbers of atoms (7)

in the detected volume as shown in equation (2.6).2%%

n=1/S (2.6)

The number of photoelectrons detected per second from an orbital of constituent
atoms is measured as peak area:

I =nfopyATf 2.7

Where f is the X-ray photon flux, o is the photoelectric cross-section, ¢ is an
angular correction factor for the instrument arrangement (angle between photon
path and emitted photoelectron that is detected), y is a photoelectric ground state
efficiency factor, 4 is the area from which photoelectrons are detected, and 7 is the
efficiency of the detection of emitted photoelectrons of that energy by the analyzer,

f is the mean free path of the photoelectrons in the samples.”®*’
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The sensitivity factor is given by:

S = fopyATp (2.8)

Seah et al. mentioned that there are three options to get the relative sensitivity
factors for XPS data quantiﬁcation:27 (1) developing an own database, which is time
consuming, (ii) using theoretical calculation such as the one of Seah et al.,”” (iii)
using a database such as the one based on the data from Wagner et al.***** We
choose the easier approach which is using the database. When the Al Ko X-ray
source is used, the sensitivity factors relative to C 1s can be found from database
base on Wagner et al.’s data, where they measured the data from two setups and
there was a good consistency between the data from the two setups on the same
compound.”®*** When the synchrotron X-ray sources were used, regardless of the
difference from the transmission function, the main difference is from the photon
energy where 2005 eV is used instead of 1487 eV. We need consider the mean free
path change. As shown in Fig. 2.4, the escape depths of photon electrons with
different kinetic energies are different and proportional to the inelastic mean free
path. At the same equipment, the electron emission angle is fixed, the larger the
inelastic mean free path, the more electrons can escape to the vacuum and be
detected by the analyzer. To correct the relative sensitivity factor S’ with the escape
depth g’:

S'=p'S/B 2.9)

Using the inelastic mean free path (from Fig. 2.4) of carbon and tin as example, the
ratio between the inelastic mean free path of electron from carbon and Sn is around
1.19 when Al Ko X-ray source is used. The ratio is changed to 1.18 when the 2005
eV is used. Thus, in this case, there is no significant effect from the photon energy.

In this way, the XPS spectra at different photon energies can be analyzed
quantitatively.
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Chapter 3

Photochemical conversion of tin-
0xo0 cage compounds studied
using hard x-ray
photoelectron spectroscopy’

Molecular inorganic materials are currently considered as photoresists for extreme
ultraviolet lithography (EUVL). Their high EUV absorption cross section and small
building block size potentially render high sensitivity and resolution as well as low
line-edge roughness. The photochemical reaction mechanisms that allow these
kinds of materials to function as photoresists, however, are still poorly understood.
We discuss photochemical reactions upon deep UV (DUV) irradiation of a model
negative-tone EUV photoresist material, namely the well-defined molecular tin-oxo
cage compound [(SnBu);,014(OH)s](OH),, which is spin-coated to thin layers of 20
nm. The core electronic structures (Sn 3d, O 1s and C 1s) of unexposed and DUV
exposed films were then investigated using synchrotron radiation-based hard X-ray
photoelectron spectroscopy. Different chemical oxidation states and concentrations
of atoms and atom types in the unexposed and exposed films were found. We
observed that the exposure in a nitrogen atmosphere prevented oxidation but still
led to carbon loss, albeit with a smaller conversion. Finally, a mechanistic
hypothesis for the basic DUV photoreactions in molecular tin-oxo cages is
proposed.

* This chapter was published in slightly modified form in: Y. Zhang, J. Haitjema, X. Liu, F.
Johansson, A. Lindblad, S. Castellanos, N. Ottosson, A. M. Brouwer, J. Micro/Nanolith.
MEMS MOEMS, 2017, 16, 023510; and in: Y. Zhang, J. Haitjema, X. Liu, F. Johansson, A.
Lindblad, S. Castellanos, N. Ottosson, A. M. Brouwer, Proc. SPIE, 2017, 10146, 1014606.
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3.1 Introduction

Metal-containing hybrid inorganic materials are considered promising candidates as
photoresists in high volume semiconductor manufacturing using extreme ultraviolet
lithography (EUVL), ever since these materials were introduced in the past years.'”
Photoresists based on HfO, and ZrO, nanoparticles were synthesized and shown to
form patterns in EUVL by Ober’s group.'” Tin-oxo cages®, palladium complexes’,
organotin compounds,® and other molecular compounds have further been explored
as EUV photoresist by Brainard’s group. Recently, Inpria introduced Sn-based
hybrid photoresists.” Compared with traditional organic chemically amplified
photoresists (CARs), some of these inorganic photoresists show higher sensitivity,”
%19 can be employed as thinner layers due to their higher EUV absorptivity, have
higher etching resistance,” and potentially yield both lower line-edge roughness and
higher resolution due to their smaller building blocks.'""* Such findings have shown
the great potential for inorganic materials to be used as EUV photoresist. CARs
have now been used and optimized for many years, first for deep UV (DUV) and
more recently for EUV, and their critical photochemical reactions are generally well
understood.'* In contrast, the photoreaction mechanisms in the inorganic photoresist
have not been thoroughly investigated yet. To further improve the performance of
the inorganic photoresists, systematic studies of the key photoreaction mechanisms
in the photoresist are necessary.

In this contribution, we study the structure and photochemistry in spin-coated layers
of the tin-oxo cage compound [(SnBu);,0,4(OH)s](OH),, which can be seen as an
ideal model system of inorganic nanoscale photoresists, given its well-defined
metal-oxo core structure with surrounding n-butyl organic ligands and hydroxide
counterions; see Fig. 3.1. To synthesize the compound, we followed the route in
Ref. 15. The molecule contains Sn atoms with high EUV photon absorption,m’ 1617
and it has been demonstrated to work as an EUV photoresist.é’ 8 Despite the
relatively simple structure of this molecular system, few spectroscopic methods are
suitable to study the details of the photochemical reactions occurring in thin films,
both due to limited sensitivity and limited chemical contrast. For example, UV-
absorption spectra contain little structural information, while vibrational spectra
(Raman or IR absorption) of thin films are close to their sensitivity limits, and in the
case of the tin cages, give limited information due to the absence of characteristic
vibrational marker bands. Here, we apply hard X-ray photoelectron spectroscopy
(HAXPES) with tunable high photon energies from synchrotron sources, typically
ranging from 1.7 keV to 10 keV. The detection limit is extremely low, and core-
level photoemission naturally gives rise to elemental sensitivity because each
element emits electrons from core levels in completely separated and well-defined
energy ranges. The known relative emission efficiencies for different core levels



Chapter 3 39

allow quantitative analysis of chemical composition. The chemical shifts in the
binding energies of atoms in chemically different bonding environments make the
method sensitive to chemical structure."®

Finally, the high photon energy in HAXPES gives the photoemitted electrons high
kinetic energy and thus long inelastic mean free paths that allow the probing of
molecular layers far below the surface. Thus, the bulk properties of the spin-coated
photoresist layer can be accessed before and after exposure.'’

Figure 3.1. Molecular structure of the [(SnBu);;014OH)s](OH), tin-oxo cage
compound.

3.2 Materials and Methods

3.2.1 Materials

The tin-oxo cage with tosylates as counterions (TinS) was synthesized from
butylstannoic acid hydrate and p-toluene sulfonic acid monohydrate."” Tin-oxo
cages with hydroxide as counterions (TinOH) were obtained by mixing a solution
of aqueous tetramethylammonium hydroxide (TMAH) with a solution of TinS in
isopropanol. TinOH precipitated, and the product was filtered directly. Results of a
more extensive series of tin cage compounds will be published elsewhere. Glass
coverslips were purchased from Menzel Gliser and cut into 1 x 1 cm®.

3.2.2 Photoresists film preparation

For photoelectron spectroscopy experiments, it is essential that the substrates are
conducting. These were prepared by coating piranha base-cleaned glass coverslips
with 2 nm Cr and 18 nm Au layers using a sputter coater (Leica EM ACE 600
Double sputter coater). The tin oxo-cage material was dissolved in toluene to a
concentration of 7.5 mg mL™. Solutions were filtered through a 0.25 um PTFE
filter right before spin coating. Thin layers [~20 nm, determined by atomic force
microscopy (AFM)] were obtained by spin coating under 2000 rpm for 45 s with a
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speed of 750 rpm s on the Cr/Au coated glass coverslips. The samples were
subjected to post-application bake at 90 °C for 1 min.

3.2.3 Photoresists exposure

A YAG-pumped OPA laser (Ekspla NT342B), delivering nanosecond pulses at 225
nm at 10 Hz (2.5 mJ pulse') was used as the irradiation source. Some samples were
exposed under ambient conditions with a dose of 1.3 J cm™. The dose was chosen to
ensure a substantial chemical conversion in this first study of product formation.
The other samples were exposed in an enclosed sample chamber, containing dry N,
to the same dose (i.e. the exposure time was corrected for the losses due to window
reflectivity).

3.2.4 Characterization

All samples were characterized using HAXPES at the HIKE end station®. The
photon energy used for measurement was 2005 eV. The total energy resolution of
the experiment was estimated to approx. 250 meV. Two types of spectra were
recorded; (i) overview spectra taken from 0-800 eV binding energy (BE) in which
all relevant lines were included, and (ii) detailed core-level spectra of the Sn 3d, C
Is and O 1s regions. The overview spectra were used to extract atomic number
ratios, whereas the detailed spectra were used to resolve the chemical shifts in the
respective elemental region. The X-ray power was ~10 uW cm™, which allowed the
recording of a spectrum in a few minutes. Radiation damage to the materials was
apparent only after ca. 2 hours.

3.3 Result and Discussion

3.3.1 Atomic concentration of different samples

Overview HAXPES spectra of unexposed TinOH thin films, as well as samples
exposed to DUV in air and in N, are shown in Fig. 3.2. All the peaks are marked
with the electronic state from which the electrons originate. Au 4f peaks,
originating from the layer underneath the tin cage layer, are present in the spectra
and were used for binding energy calibration; the Au 4f7, binding energy was set to
84.00 eV.>' The tin cage gives rise to clear Sn 3d peaks at ~487 and ~498 eV (5/2
and 3/2 spin-orbit components, respectively), an O 1s peak at ~531 eV, and a C s

peak at ~285 eV. The peak positions correspond well with those in the literature.'”
2224

The atomic ratios of Sn, O and C atoms inside the three samples are proportional to
the area ratios of the peaks in the spectrum, and can be extracted with knowledge of
the photoionization cross sections.” For the unexposed sample, the extracted atomic
ratios correspond well within the error bar to the expected chemical composition.
For the exposed samples, since the number of Sn atoms is unlikely to change due to
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exposure, the Ols and Cls peak areas are normalized to the Sn peak area, and the
atom ratios for these samples are given in Table 3.1.
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Figure 3.2. Overview HAXPES spectrum of TinOH unexposed sample (a, black),
TinOH DUV-exposed in air (b, red) and TinOH DUV-exposed in N> (c, blue). (The
spectra are displaced vertically to avoid overlapping of the peaks.)
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Table 3.1. Atomic ratios of TinOH unexposed sample, TinOH DUV-exposed in air,
and TinOH DUV-exposed in N,.

Atom no. Sn O C
Expected 12 22 48
TinOH_unexposed 12 22+1 48+1
DUV exp air 12 32+1 18+1
DUV exp N, 12 2241 361

As can be seen from Table 3.1, after the TinOH sample was exposed to DUV in air,
the oxygen content was significantly increased while the carbon content was
drastically decreased. This suggests that oxidation happens during the exposure,
together with Sn-C bond or C-C bond cleavage, causing a loss of volatile carbon-
containing species. When the sample was exposed in dry N,, however, the O
content stayed the same; this is because when no oxygen-containing gas-phase
species is present, no further oxidation is possible and the photo-induced outgassing
apparently does not cause any further loss of oxygen either. Compared with the
carbon loss when TinOH was exposed in air, less C was lost under the same DUV
dose.
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For the TinOH sample exposed to DUV in air, we can make a crude estimate of the
average photochemical quantum yield for breaking of Sn-C bonds based on the loss
of carbon of ~63%. Using the measured UV absorbance of the thin film at 225 nm
we find that the absorbed dose is ~0.40 J cm™. This corresponds to 4.5 x 10"
photons cm™. These lead to the breaking of 6.7 x 10" Sn-C bonds per cm”. The
average quantum yield for loss of a butyl group is thus ~1.5 %. More accurate
quantitative characterization of the photochemical process is needed, but we can
already conclude that the carbon loss reaction is not very efficient.

3.3.2 Analysis of Sn, O and C chemical shifts

The high-resolution Sn 3ds, photoelectron spectra of the samples are shown in Fig.
3.3(a). Small, well-reproducible shifts can be clearly observed, which we interpret
as a result of a change of the Sn oxidation state. The dependency of the Sn 3d
binding energy on the Sn oxidation state has been well established in the
literature.'” The center of the Sn 3ds, peak after DUV exposure in air is shifted to
higher binding energy, indicating that the oxidation state of the Sn atoms has
increased. In contrast, the center energy position after DUV exposure in N, is
shifted to a lower binding energy, indicating a net reduction of Sn atoms.
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Figure 3.3. Sn 3ds;; core-level spectra for TinOH unexposed sample, TinOH DUV-
exposed in air, and TinOH DUV-exposed in N,. (a) Core-level spectra sharing the
same scale on the ordinate axis, (b)-(d) Fits for each sample using the two-
component model described in the text.
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In Fig. 3.3(b)-(d), we show least squares fits to the data using two Voigt line-
shapes, i.e. each component is a Gaussian convoluted with a Lorentzian function
(10%) that accounts for the finite lifetime of the core ionized state. Because there
are two kinds of Sn atoms inside the tin oxo cages (5-coordinated Sn atoms in the
center part of molecule, 6-coordinated Sn atoms in the side parts of the molecule
facing the counter-ion), two sub-peaks were used to model the spectrum of the
unexposed sample. Although the photolysis products are probably more complex,
we take these peaks to be representative for tin in lower and higher oxidation states,
respectively, and use the same peak positions and bandwidths to model the Sn
peaks in the exposed samples — leaving only the amplitude as the free parameters.
Under these constraints, the spectra in Fig. 3.3(b)-(d) were simultaneously fitted for
the best global fit describing the full data set.

The results are presented as solid lines in Figs. 3.3(b)-(d), together with the data as
circles. The peak at 486.7 eV (green) corresponds to the 5-coordinated Sn (low
oxidation state, low BE) and the peak at 487.3 eV (purple) to the 6-coordinated Sn
(higher oxidation state, high BE). In Fig. 3.3(b), the intensity of the two peaks is
constrained to the 1:1 ratio corresponding to the equal abundance of the two types
of tin. After DUV exposure in air, the intensity of the component corresponding to
the low oxidation state decreases and the intensity is transferred to the peak of the
more highly oxidized Sn component. In contrast, the fitting results from the sample
exposed in N, indicated that some of the higher oxidation state Sn atoms were
converted to a lower oxidation state. The FWHM of the three spectra were 1.58 eV,
1.22 eV and 1.27 eV, respectively; see Fig. 3.3(a). The peaks became narrower after
exposure because one type of Sn atom became more dominant, but the FWHM
values of the underlying components were constant at 1.17 eV.

The O 1s photoelectron spectra are shown in Fig. 3.4. O 1s peaks from all samples
were normalized based on the O atoms ratio obtained from the overview spectra.
Similar to the Sn 3d data, Fig. 3.4(a) shows the O 1s spectra with a common scale
on the ordinate axis, whereas Fig. 3.4(b)-(d) show least squares fits to the data. As
seen in Fig. 3.4(a), after DUV exposure in air, the O Is peak shifted to higher
binding energy and a considerably higher intensity, whereas the O 1s peak of the
sample exposed under N, atmosphere shifted slightly to lower binding energies
without change of the intensity.*
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Figure 3.4. The O Is core level spectra for TinOH unexposed sample, sample
exposed in air and sample exposed in N,. (a) Core-level spectra sharing the same

scale on the ordinate axis, (b)-(d) Least squares fits for each sample using the
three-component model described in the text.

Table 3.2. Relative numbers of three types of O atoms derived from O Is spectra as
well as extracted binding energies of the respective features (see Fig. 3.4).

Atom no. Sn-O Sn-OH OH/CO Total number
BE (eV) 530.7 5321 533.0

Expected 14 6 2 22
TinOH_unexposed 14 6 2 22
DUV exp air 16 13 3 32
DUV exp N, 14 6 2 22

There are three kinds of O atoms in the TinOH cage, as can be seen in Fig. 3.1.
Three Voigt peaks are assumed in the modeling of the unexposed sample, each
shown in Fig. 3.4(b). We assign the low-BE peak (red) to the oxygen atoms
bridging three Sn atoms, the intermediate one (dark blue) to the oxygen in the OH
groups bridging two Sn atoms, and the high-BE (light blue) to the O in the OH"
counterions. Similar to the Sn 3ds, fitting, we assume that the underlying spectral
features in the spectra of the DUV-exposed samples are the same, i.e. their binding
energy positions and linewidth parameters, whereas the intensities might be altered
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due to chemical conversion. Under these assumptions, the three spectra were fitted
simultaneously to get a global optimum fit. The result is shown in Fig. 3.4(b)-(d).

After the sample was exposed to DUV in air, the peaks of all three kinds of O
increased in intensity. Because extensive oxidation has obviously taken place here,
most probably resulting in a mixture of oxidation products, the simple
approximation with three types of O is probably not fully valid, but again they do
likely represent chemical environments close to those of the unexposed material. It
is also possible that O, O", O,> would be chemisorbed on top of the photoresist.”
For the sample exposed to DUV in N,, on the other hand, no oxidation can take
place, and the intensity of the three components almost stayed the same. The
intensities of the peaks were converted into the number of oxygen atoms per
molecule in the corresponding chemical state; the values are listed in Table 3.2,
along with the extracted binding energy of the respective peak.

The C 1s photoelectron spectra were analyzed in the same way as their Sn 3d and O
Is counterparts. Figure 3.5(a) shows the data, normalized by the calculation from
the overview spectra of the three samples. There is no clear energy shift observed in
the main low-BE peak of the spectra after exposure, but the intensities and peak
shape change significantly. In the unexposed sample, only two kinds of C atoms
inside the tin-oxo cage can be distinguished from the spectra, attributed to Sn-C and
C-C bonding configurations. After exposure, however, there is a shoulder observed
near 286.1 eV and a new feature around 289.2 eV. These features likely arise from
C Is electron emission from C atoms with C-O and C=0 bonds, respectively, as the
increased BE indicates higher oxidation of some of the C atoms.*® Thus, four Voigt
peaks are used to describe the spectra of the DUV-exposed samples, the results of
which are shown in Fig. 5(c)-(d). The extracted concentration of the respective
atomic type per molecule and the corresponding binding energies are listed in Table
3.3. The unexposed sample gives the ratio expected from the chemical structure.
Furthermore, the C atom number in the in C-C and Sn-C configurations from both
samples exposed to DUV was decreased. At the same time C in C-O and C=0
binding motifs were increased slightly, which further demonstrated the oxidation
during the DUV exposure. For the sample exposed in air, the C-O and C=0 can be
taken as a sign of oxidation on the carbon chain part, in agreement with the
increasing of the O content. However, as we concluded from the overview spectra
and Sn 3d, and O 1s spectra, there was no oxidation or O gain in the sample
exposed to DUV in N,. The increase of the C=0O feature at 289.2 eV from the
sample exposed in N, must, therefore, be because of a light-induced rearrangement
within the tin-oxo cages. Although there is no extra O gained, the carbon chain
might be cleaved at the Sn-C bond or C-C bond after which the product could
further react with an oxygen atom in the cage to form C-O or C=0 bonds.
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Figure 3.5. (a) C Is core level spectra for TinOH unexposed sample, TinOH DUV-
exposed in air and TinOH DUV-exposed in N». (b)-(d) Fits for each sample using
the four-component model described in the text.

Based on the analysis of the HAXPES data presented above, we propose reaction
pathways of the DUV induced reaction, schematically shown in Fig. 3.6. According
to quantum-chemical calculations using density functional theory (DFT), the lowest
electronically excited triplet state is of a o — d type.”’ In this state, the Sn-C bond is
easily broken to form two radicals. If present, oxygen and H,O can directly react
with the Sn radicals and increase the oxidation states of Sn atoms, which
corresponds to the results shown in Fig. 3.3. The butyl radical could further donate
a hydrogen atom or abstract one from neighbor cages to form butene or butane,
volatile stable molecules that are readily released into vacuum. A hydrogen atom
could be abstracted from a butyl group and form a C-centered radical, which could
further react and form side chain oxygenation products that may account for the
289.2 eV band in Fig. 3.5. For the sample exposed in N, the chance for the radicals
to recombine is greater after the Sn-C bond cleavage occurs, since there is no active
molecule like O, or H,O. That would explain why more C is lost in the sample
exposed in air than in the sample exposed in N,. The cleaved butyl radical could
also react with the O inside the cage forming a C-O bond, corresponding to the C-O
peaks in Fig. 3.5(c) and (d). Another possible reaction is the transfer of a hydrogen
atom from the butyl radical to the Sn radical to form butene and a tin hydride. The
formation of such an oxidation-sensitive but otherwise stable reaction product could
be the explanation of our finding that the formation of insoluble material after
exposure to EUV is enhanced by post-exposure baking.*®
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Table 3.3. Relative numbers of four types of C atoms derived from C ls spectra
(Fig.5).

Atom no. Sn-C C-C C-O C=0 Total number
BE (eV) 284.9 2852 286.1 289.2
Expected 12 36 0 0 48
TinOH unexposed 12 36 0 0 48
DUV exp air 3 9 5 1 18
DUV exp N, 8 22 4 2 36
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Figure 3.6. Proposed photochemical reactions for TinOH exposed to DUV in air
and N.

34 Conclusions

HAXPES is demonstrated to be a powerful tool for analyzing the chemical changes
upon DUV exposure in air and under N in thin films of tin-oxo cages. Based on the
detailed analysis of the presented HAXPES spectra, a mechanism of the
photoreactions of TinOH films exposed to DUV in air or under N, could be
proposed.



48

While the exposure conditions are very different from those in an EUV lithography

tool, the present study highlights the relevance of gas-phase/film interactions for the
final photochemical product formation. In ongoing experiments, we further

compare these results with the changes induced in solution-phase photochemistry of

the tin cages, in which products can be isolated and subjected to a wide range of
chemical analysis techniques and with the results of EUV exposures of thin films at

13.5 nm.
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Chapter 4

Influence of thermal process on
the chemical reaction and
reaction yield in a model

organotin EUV photoresist

Tin oxo cages ([(RSn);,014(OH)s]OH,) are considered as sensitive negative tone
photoresists for extreme ultraviolet lithography. In addition to the photochemical
process, subsequent processing steps (post exposure baking, developing, rinsing and
hard baking) also play important roles in the final performance of the photoresist.
Especially, the thermal effect in different bake processes can result in significant
chemical changes in the photoresist. Here ultraviolet light (225 nm) was used as the
irradiation source. Synchrotron radiation-based hard X-ray photoelectron
spectroscopy (HAXPES) was used to monitor the chemical changes of the
photoresist. The reaction yields in exposure, post-exposure bake and hard bake
steps were calculated and compared. Higher reaction yield generated from the resist
can be achieved by adding thermal processes.

* Y. Zhang, J. Haitjema, X. Liu, F. Johansson, A. Lindblad, N. Ottosson, S. Castellanos, A.
M. Brouwer, "Influence of thermal process on the chemical reaction and the reaction yield
in a model organotin EUV photoresist", Manuscript in preparation.
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4.1 Introduction

In the semiconductor industry, in order to achieve the smallest possible feature
sizes, the wavelength of irradiation in photolithography has recently been decreased
from 193 nm to 13.5 nm (extreme ultraviolet, EUV). In order to achieve high-
resolution structures of the required quality, suitable photoresists are needed. While
the traditional organic chemically amplified photoresists (CARs) can be adapted for
EUV application,”* metal containing photoresist such as zirconium and hafnium
nanoparticles and clusters, tin oxo cages, and platinum and palladium complexes
have attracted attention in recent years because of the potential for stronger
absorption of EUV photons and higher etch resistance.””

When CARs are used, a post exposure baking step (PEB) is included in the process
to allow spreading of the photogenerated acid and catalytic cleavage of dissolution
inhibiting groups. In this way, the sensitivity of the photoresists is enhanced, albeit

at the expense of resolution.''"*

When the organometallic photoresists are used, in
some cases a post exposure bake (PEB) step is also added, and the performance of
the pattern and the sensitivity of the photoresists can be improved.'” '® Although the
PEB step has been used in the processing of organometallic photoresists, the reason
why it can promote the reaction and improve the performance of the pattern

generated from the photoresists thin film was not explained.'®"®
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Figure 4.1. The chemical structure of the tin oxo cage with hydroxides as
counterions (TinOH). The Sn atoms colored black (in the center of the structure)
are 5-coordinated, the ones in blue (at the sides, bridged by OH groups) are 6-
coordinated.

Tin containing molecular inorganic compounds have a potential advantage as
photoresists for EUV lithography due to their high EUV absorption cross section.'”
% In this work, we choose a tin oxo cage, [(BuSn);,014(OH)s](OH),, as a model
photoresist, and used hard x-ray photoelectron spectroscopy (HAXPES) to analyse
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the changes in the photoresist thin film after exposing to deep UV light and
processing with a post-exposure bake step at 100 °C for 2 min, and a final hard bake
(HAB) step at 150 °C for 1 min. We found that the PEB process can promote the
chemical conversion in the photoresist thin film, further oxidizing the exposed tin
oxo cages. The HAB process (after development of the pattern) can even further
improve the reaction yield. As shown in Chapter 6, thermal processes in the
lithography procedure can increase the sensitivity in the pattern formation of tin oxo
cages photoresist.”’ This sensitivity increase is essentially promoted by the chemical
reaction in the tin oxo cages photoresist thin films during baking.

4.2 Materials and methods

The tin oxo cage with hydroxide as counterion ([(BuSn);,0;4(OH)s](OH),, TinOH,
see Fig.1), was synthesized according to the literature.”"** Solutions in toluene (7.5
mg mL™") were filtered with a 0.2 um PTFE filter and spin coated® on different
substrates (20 nm Au coated glass and quartz) with an acceleration of 700 rpm/s,
followed by 35 s at 2500 rpm. A post application bake (PAB; 90 °C, 60 s) was used
to remove residual solvent. The thickness of the films was 20 + 3 nm, as
determined by Atomic Force Microscopy (AFM).

Thin films of tin oxo cages on different substrates (20 nm Au coated glass and
quartz) were exposed under dry N, atmosphere to 225 nm ultraviolet light from an
Ekspla NT342b laser running at 10 Hz (2.5 mJ/pulse) up to a total dose of 1.3 J cm’
?. Post exposure bake (PEB, 100 °C, 2 min) and hard bake (HAB, 150 °C, 1 min),
were done on a hotplate in air atmosphere.

Hard X-ray photoelectron spectroscopy (HAXPES), was conducted on the HIKE
end station at BESSY-II, Helmholtz-Zentrum-Berlin®* with a photon energy of 2005
eV, as in our previous work.? All XPS spectra were calibrated using the Au 4f;,
line with a binding energy of 84.0 eV.*’ The resolution of the survey spectra is 0.25
eV, and the resolution of the high-resolution spectra is 0.1 eV. The band shapes
were fitted with a sum of Voigt functions, i.e. a Gaussian convolved with a
Lorentzian function (10%) that accounts for the finite lifetime of the core ionized
state.

UV-Vis absorption spectra of the thin films of TinOH on quartz substrates were
measured in transmission mode using a Shimadzu UV-2600 spectrometer.
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4.3 Result and Discussion

4.3.1 Overview XPS spectra

Overview spectra XPS survey scans of unexposed, 1.3 J cm™ DUV exposed, and
further baked samples (PEB and HAB) are presented in Fig. 4.2. The atomic
orbitals from which the electrons originate are marked in the spectra. All the
relevant peaks of the elements (Sn M edge around 487 eV (3ds,) and 496 eV
(3d312), C K edge (1s) around 285 eV and O K-edge (1s) around 531 eV, Au 4f;, at
84.0 eV) are observed as expected.”” ** The Au 4f peaks are from the substrate
underneath the photoresist thin film, indicating that the detection sensitivity of the
measurement, due to the relatively high electron energies, is not limited to the
sample surface. All the spectra are presented with the Sn 3ds,, peaks normalized to
the same intensity.
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Figure 4.2. HAXPES spectra of thin films of TinOH: unexposed sample, sample
exposed to 1.3 J cm™ DUV under dry N, sample exposed to 1.3 J cm” DUV under
dry N, and further PEB (100 °C, 2 min) and sample exposed to 1.3 J cm” DUV
under dry N, PEB (100 °C, 2 min in air) and HAB (150 °C, 1 min in air). The
spectra are scaled to equal intensities of the Sn 3d peaks.

The relative number of atoms of each element in the sample can be derived from the
peak area ratios of Sn 3d, O 1s and C 1s. The peak areas were calculated after
subtracting the linear background at each peak position in the survey spectra, and
the atom ratios (Table 4.1) were calculated using known sensitivity factors.”” We
assumed that no Sn atoms are lost during the exposure and further processes. Thus,
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the O 1s and C 1s peak areas are normalized to the Sn 3d peak areas which
correspond to 12 tin atoms.

Table 4.1. Atomic ratio of unexposed TinOH sample, sample exposed to 1.3 J cm™
DUV under dry N, sample exposed to 1.3 J cm” DUV under dry N, and PEB
(100°C, 2 min in air), and sample exposed to 1.3 J em? DUV under dry N, PEB,
and HAB (150 °C, 1 min in air).

Sn 0] C
Theoretical 12 22 48
Unexposed 12 22+ 1 48 £ 1
13Jem”(Ny) 12 22+1 36+ 1
PEB in air 12 29+1 32+1
HAB in air 12 25+1 18+1

As we can see from the data in Table 4.1, the atomic ratio in the unexposed sample
corresponds well with the theoretical composition of the TinOH molecule free of
solvents. After exposing the photoresist thin film in dry N, atmosphere to 1.3 J cm™
of 225 nm light, the carbon content decreased by about 25%. This indicates Sn-C or
C-C bond cleavage with generation of carbon-containing volatile species, as we
stated in our previous work.” With a further PEB step at 100 °C for 2 min in air,
another 8% more carbon was lost and about 32% extra oxygen was gained, likely
due to oxidation reactions of photoproducts in the thin film. After a further HAB
step at 150 °C for 1 min, ~63% of the initial carbon atoms were lost, and ~14% of
oxygen was lost comparing with the sample after the PEB step. In our previous
study, we found the unexposed part to be stable in air at 100 °C without mass loss.
Upon baking at 150 °C water was lost, probably due to deprotonation of the
bridging OH groups by the hydroxide counter ions.® A further reason for oxygen
loss could be the formation of unstable oxygen containing species that were
detached from the thin film, or condensation reactions between cages that lead to
elimination of water. In any case, it is clear that the PEB and HAB processes
increase the chemical conversion of the photoresists significantly.

4.3.2 High-resolution XPS spectra

High-resolution XPS spectra were recorded around the Sn 3d, O 1s and C 1s peak
positions of the four different samples. In Fig. 4.3, the high-resolution Sn 3ds),
spectra of unexposed, 1.3 J cm™ exposed and further PEB and HAB treated samples
are shown with the respective fits of the band with a sum of two Voigt functions.
The Sn 3ds, peak from the unexposed sample is centered at 487.0 eV. After 1.3 J
cm™, 225 nm DUV exposure in N,, the peak shifts to 486.8 eV. With a further PEB



56

step in air, the Sn 3ds,, peak shifts to higher binding energy (487.2 eV). After a final
HAB step, the peak maximum is found at 487.1 eV. Two kinds of Sn atoms are
present in the tin oxo cage: 5-coordinated (in the central part of the cage) and 6-
coordinated (at the sides of the cage), as shown in Fig. 4.1. The differences in the
binding energies of these two types of Sn are small, but in order to fit the spectra
from the unexposed sample (Fig. 4.3a) we use two Voigt line shapes centered at
486.7 and 487.3 eV, respectively. We previously assigned the peak with higher
binding energy to the 6-coordinated Sn, but recent DFT calculations® indicate that
the assignment should be reversed. After DUV exposure and the following thermal
processes, there are probably more than two kinds of environment of the Sn atoms,
but to simplify the analysis, we only use the two types of Sn atoms to model the
band of the Sn 3d electrons. We used the same peak position and bandwidths from
the spectrum of the unexposed sample to fit the spectra of the exposed and baked
samples, leaving only the intensity of the two components as the free parameter.
Under these constraints, the spectra of the exposed and PEB, and HAB treated
samples are fitted as shown in Fig. 4.3b-d. In Fig. 4.3a, the intensities of the two
peaks were constrained to a 1:1 ratio, representing the equal numbers of the two
types of Sn in the unexposed cages. After exposure and further thermal processes,
the ratios between the two types of Sn atoms were changed. Since the areas of the
spectra are proportional to the atomic concentration in the thin film, the ratio
change between the low and high binding energy Sn atoms were calculated based
on the fitting result and listed in Table 4.2.
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Figure 4.3: High-resolution Sn 3ds;, HAXPES spectra of thin film of TinOH; (a)
unexposed sample, (b) sample exposed to 1.3 J cm™ DUV under dry N, (c) sample

exposed to DUV and PEB (100 °C, 2 min, in air), and (d) sample exposed to DUV,
PEB and HAB (150 °C, 1 min in air).
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As shown in Table 4.2, after DUV exposure under N,, the fraction of Sn atoms with
lower BE increased. After PEB in air, the higher-binding-energy component
dominates. Finally, after a HAB step, the ratio of the two types of Sn is again closer
to 1.

Table 4.2. Relative contributions of two types of Sn atoms derived from Sn 3ds;
spectra as well as extracted binding energies (BE) of the respective features (see
Fig. 4.3).

St thigh

BE /eV 486.7 487.3
Theoretical number 6 6
Unexposed 6 6
1.3Jem™? (Ny) 92 28
PEB in air 1.9 10.1
HAB in air 4.0 8.0
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= i
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Binding energy / eV
Figure 4.4. High-resolution O 1s HAXPES spectra of thin film of TinOH (a)
unexposed sample, (b) sample exposed to 1.3 J cm™ DUV under dry N», (c) sample
exposed to 1.3 J em™ DUV under dry N, further PEB (100 °C, 2 min) and (d)
sample exposed to 1.3 J em™ DUV under dry N>, PEB (100 °C, 2 min in air) and
HAB (150 °C, 1 min in air).

The high-resolution O 1s spectra of the four samples are shown in Fig. 4.4. We
distinguish three kinds of oxygen atoms in the TinOH cages: 14 O atoms connected
to 3 Sn atoms, 6 bridging OH groups, and two O atoms in the hydroxide
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counterions. Applying the same analysis method as for the Sn 3d peaks, three Voigt
peaks representing the three kinds of oxygen atoms were fitted into each spectrum.
Based on the stoichiometry, the lowest binding energy peak must represent the
oxygen atoms shared by the three Sn atoms. The middle peak is assigned to the
oxygen atoms at the side part of the cages in the OH groups shared by two Sn
atoms, and the highest binding energy peak represents the oxygen atom in the OH"
counterions.

Table 4.3. Binding energies (BE, in eV) and relative numbers of three types of O
atoms derived from O s spectra (see Fig. 4.4).

Sn-O SnOH OH  Total number

BE /eV 530.9 532.1 533.1

Theoretical 14 6 2 22
Unexposed 14 6 2 22
13Jem?>(Ny) 14 6.7 1.5 22
PEB in air 18 9.5 1.0 29
HAB in air 18 6.6 0.6 25

We use the same restrictions from the spectrum of unexposed sample to fit the
exposed sample and PEB/HAB treated samples. After fitting, the ratios of the three
peaks in different samples were calculated and listed in Table 4.3. After exposure,
the ratio between the three kinds of oxygen atoms changed slightly. There is a small
decrease in the intensity at the OH- peak position, which could be because of the
detachment of the counterion and generation of water. With a further PEB in air, the
ratio of the SnO and SnOH peaks was increased, indicating the oxygen from the air
could oxidize the Sn atoms. After the HAB step, the ratio of SnOH and the highest
OH" peaks were decreased. This could be a result of loss of water due to the
deprotonation by the OH™ groups or condensation reactions.

In Fig. 4.5 we show the high-resolution Cls spectra of the four samples with the fits
with up to four components. The main C 1s peaks of the four spectra were almost at
the same position. There are only two kinds of carbon atom distinguishable in the
unexposed tin oxo cages, the C in the Sn-C and the C-C. The quantum-chemical
calculations predict that the 6 C-atoms that are bound to the 6-coordinated Sn-atoms
have a lower binding energy than the others.”” After exposure and further processes,
a shoulder at ~286 eV and a new peak at ~289 eV are evident, which are likely
carbon atoms in C-O and C=0 bonds, respectively.”® The atomic ratios of the four
kinds of carbon atoms are listed in Table 4.4. After exposure, the amount of Sn-C



Chapter 4 59

and C-C decreased and the signal of C-O and C=O increased. After a PEB step,
both the C-O and C=0 shoulders were decreased slightly, indicating that C-O and
C=0 containing species are not stable under PEB conditions and detached from the
thin film. After HAB, all kinds of carbon atoms decreased, indicating that the Sn-C
bonds and C-O bonds in the film were not stable under HAB condition, and easily
detached from the thin film further diffused into the atmosphere.
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Figure 4.5. High-resolution C Is HAXPES spectra of thin films of TinOH; (a)
unexposed sample, (b) sample exposed to 1.3 J cm™ DUV under dry N», (c) sample
exposed to 1.3 J em™ DUV under dry N further PEB (100°C, 2 min) and (d) sample
exposed to 1.3 J cm” DUV under dry N, further PEB (100°C, 2 min in air) and HAB
(150°C, I min in air).

Table 4.4. Relative numbers of four types of C atoms derived from C Is spectra as
well as extracted binding energies of the respective features (see Fig. 4.5).

Atom type Sn-C  C-C CcoO C=0 Total number
BE /eV 2844 2852 2864 2893 0
Theoretical 6 42 0 0 48
Unexposed 6 42 <0.1 <0.3 48
137ecm> (N 5.1 26 3.3 1.7 36
PEB in air 53 25 0.7 1.5 32

HAB in air 1.6 16 1.7 0.8 18




60

4.3.3 UV-Vis spectroscopy

UV-Vis spectroscopy was also used to follow the chemical change in the TinOH
thin film as shown in Fig. 4.6. Two samples were prepared with the same thickness
on the quartz substrate for UV-Vis measurement. The first sample was exposed to
DUV with doses of 60, 120 and 200 mJ cm™ (Fig. 4.6a). The second sample was
exposed to 60 mJ cm”? DUV, and then treated with the thermal process (PEB, and
HAB). The UV-vis spectra were recorded after each process step as shown in Fig.
4.6b.

a i b i
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Figure 4.6. (a) UV-vis spectra of TinOH thin film exposed to DUV with 60, 120 and
200 mJ cm?. (b) UV-vis spectra of 200 mJ cm” DUV exposed TinOH thin film,
followed by PEB and HAB processes.

As it can be observed in Fig. 4.6a, the absorption peak of the unexposed material is
at around 225 nm. In this first sample, with increasing DUV exposure dose, the
absorption decreases. Thermal processes were applied after exposure on the second
sample. The decrease of the absorption peak after PEB in the second sample is
comparable with the decrease when additional 60 mJ cm™ DUV dose was applied
on the first sample. The decrease of the absorption peak after HAB process applied
on the second sample is comparable with the decrease when additional 80 mJ cm™
DUV dose was applied in the first sample. A clear difference between the two sets
of spectra appears on the absorption maxima position and the long-wavelength side
of the band. As we have shown previously, the appearance of red-shifted absorption
is consistent with conversion of Sn-C to Sn-O bonds.”'

4.3.4 Proposed mechanism

After analysing the HAXPES spectra, we can propose possible reaction
mechanisms in the tin oxo cages as shown in Fig. 4.7. The chemical reactions that
occurred during exposure under N, are indicated with blue arrow. According to our
previous work, we expect a Sn-C bond cleavage upon DUV exposure.” ** Since
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there is no other reactive species present during the sample exposure in N,, the two
radicals may recombine again or the butyl radical could escape. It could form a
stable molecule by donating or abstracting a hydrogen atom, forming butene or
butane, respectively. These products have been independently detected as
outgassing products in EUV irradiation (Chapter 7). The carbon chain could also re-
attach to the oxygen atoms forming a structure with w,-OBu bridging units. This
would account for the C-O peaks in the Cls spectrum (Fig. 4.5b). Such bridging OR
groups are known as a structural motif, e.g. resulting from methanolysis of
TinOH,” or as a building block of the recently discovered Na™ containing tin oxo
cage.”>** Moreover, in recent solution-phase DUV photolysis experiments, butanol
was detected as a reaction product, in addition to butene and butyraldehyde.” The
latter could account for the C=O species detected by XPS.

When a butyl radical donates a hydrogen atom, a tin hydride can be formed. While
trialkyl tin hydrides are well known, and fairly stable molecules, the type of hydride
formed here may well be oxidation sensitive and give rise to products containing
Sn-O bonds upon contact with air. Another oxidation sensitive product would arise
from the direct elimination of butanol (Fig. 4.7).
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Figure 4.7. Proposed photochemical reactions for TinOH exposed to DUV in N,
and further PEB and HAB. For the purpose of illustration, reactions are depicted at
the 6-coordinated tin sites in the “cap” on one side of the cage. The O-atoms drawn
with only single bonds to the Sn atoms are part of the central “belt” of the cage.
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The initially formed butyl radical can form butane by abstracting a hydrogen from
the same molecule from which it originated, or from a neighboring molecule. One
possibility is that a hydrogen atom is picked up from a bridging OH-group.
Abstraction of hydrogen atoms from a butyl group could lead to radicals that can
survive under nitrogen but react with oxygen as soon as the sample is exposed to
air, if only briefly.

While we have no other direct evidence for the proposed intermediates, they do
agree with the observed changes in the XPS spectra after photolysis. The loss of
unsaturated or oxygen containing molecules leads to a net reduction of the tin cage,
which explains the shift of the Sn 3d binding energy to slightly lower values.

During the PEB step in air at 100 °C, the active species left over from the exposure
get the chance to react with oxygen or H,O. The Sn atoms site were further oxidized
as shown in Fig. 4.3c. The oxygen ratio increased significantly, as shown in Table
4.1. Further reactions occur in the HAB step at 150 °C. More carbon is lost, but also
the oxygen content becomes smaller, indicating the loss of organic compounds
containing oxygen and/or water resulting from condensation reactions. The intact
tin oxo cage film, in contrast, is stable at this temperature (Chapter 6), apart from
some loss of solvent and water. The chemical reactions during baking are indicated
with red arrows in Fig. 4.7.

4.4 Conclusions

The thermal effects from PEB and HAB on the photoresist thin film after DUV
exposure were investigated by means of HAXPES and UV-vis absorption
measurements. Based on the analysis of the HAXPES spectra, chemical reactions in
the tin oxo cages were proposed. Both the PEB and HAB can promote further
chemical reaction after DUV exposure in the tin oxo cages. The PEB process leads
to oxidation of intermediates produced in the exposed tin oxo cages, enhancing the
chemical differences between the unexposed and exposed parts and further
increasing the solubility differences in the development process. The HAB further
reduces the amount of organic components in the pattern, and makes the pattern
more robust.
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Chapter 5

The relationship between
photon absorption of tin-
nanocages and the efficiency of
photochemical reaction”

In this chapter we investigate the UV-photoresponse of tin oxo cages with three
different counterions (hydroxide (TinOH), acetate (TinA), trifluoroacetate (TinF)).
The tin oxo cages were prepared as thin films and exposed to UV light (225 nm) in
a dry N, atmosphere. The changes in the UV-vis absorption with exposure dose
showed that TinOH and TinA react faster than TinF. This is also reflected in the
sensitivity of the films as negative tone photoresists. Synchrotron-based hard x-ray
photoelectron spectroscopy (HAXPES) showed that after exposure to a high photon
dose more carbon was lost in TinF than in the other two compounds.

* Y. Zhang, J. Haitjema, X. Liu, F. Johansson, A. Lindblad, S. Castellanos, N. Ottosson, A.
M. Brouwer, "The relationship between photon absorption of tin-nanocages and the
efficiency of photochemical reaction", Manuscript in preparation.
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5.1 Introduction

The photoresist plays an important role in the development of the photolithography
industry. Comparing with traditional organic chemically amplified photoresists
(CARs), molecular inorganic materials are attractive because they can easily be
used as thinner film, because of their stronger etching resistance and high sensitivity
to ultraviolet and extreme ultraviolet (EUV) light." Various molecular inorganic
materials as well as nanoclusters and nanoparticles have been investigated.z'8
Among those molecular inorganic materials, tin-based molecules are most
attractive, due to the high absorption cross section of tin atoms in the EUV spectral
range.” ' "' Good patterning performance has been achieved by Inpria with tin
based photoresist,lz'15 and Brainard and coworkers studied several Sn-containing
molecular materials that showed application potential."” '® '" Although the Sn
containing molecules have been shown to work as photoresists, how photon
absorption and the further chemical reaction in the inorganic photoresist leads to
solubility change and pattern formation is still unclear.
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Figure 5.1. Tin oxo cages with same cage structure but three different counterions:
hydroxide (OH), acetate (A), trifluoroacetate (F).

In this study, we investigated three kinds of tin oxo cages with the same cage
structure but three different counterions (hydroxide, acetate, trifluoroacetate)
([(RSn)1,014(OH)6]X,, TinOH, TinA and TinF as shown in Fig. 5.1) as model
photoresists, to investigate the relationship between photon absorption, the chemical
reaction and the solubility change of the photoresist. A 225 nm DUV laser was used
as irradiation source. In order to measure the photon absorption of the photoresist in
the DUV range, the resists were prepared as thin films on quartz substrates. UV-vis
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absorption changes during the DUV exposure were monitored. Additionally, the
chemical changes of the photoresist before and after exposure were investigated by
synchrotron-based hard X-ray photoelectron spectroscopy. To minimize the effect
of oxygen and water, all the exposures were done in dry N, atmosphere. By
comparing the UV absorption coefficient and the chemical reaction efficiency, the
relationship between the photon absorption of the photoresist and the chemical
reaction yield of the tin oxo cage photoresists become clearer.

5.2 Experiment

5.2.1 Sample preparation

As in our previous work, tin oxo cages with hydroxide, acetate, and trifluoroacetate
as counterions (TinOH, TinA and TinF) were obtained according to the synthesis
method described in the literature.' ' ** A structure diagram of the tin oxo cages is
shown in Fig. 5.1. UV transparent quartz substrate with thickness 500 + 20 um
where purchased from SIEGERT WAFER and cut into 1 x 1 cm® squares for the
UV-vis absorption measurement. It was cleaned with piranha-base before thin film
preparation. Glass coverslips from Menzel Gliser were cut into 1 x 1 cm® squares
coated with 2 nm Cr and 18 nm Au layers using a sputter coater (Leica EM ACE
600 Double sputter coater) and used as substrates for X-ray photoelectron
spectroscopy measurement. 2-inch Si wafer was purchased from SIEGERT
WAFER and it was pretreated with HMDS for photoresist dose contrast curve
measurement. The tin oxo-cage materials were dissolved in toluene individually to
a concentration of ~7.5 mg mL"". Solutions were filtered through a 0.25 pm PTFE
filter before spin coating on different substrates. Around 20 nm thin films were
achieved by spin-coating the solutions with 2500 rpm for 45 s. The spin coated
samples were prebaked at 90 °C for 1 min.

5.2.2 Exposure

Exposures were done with a YAG-pumped OPA laser (Ekspla NT342B) which
provided nanosecond pulses at 225 nm at 10 Hz (2.5 mJ/pulse). Samples for UV-vis
spectroscopy and for dose contrast curves were exposed to 225 nm DUV with a
sequence of doses. Samples for HAXPES were exposed to 1.3 J cm™ All the
exposures were done in a sample chamber with continuously flushing with dry N,

5.2.3 Characterization

UV-vis spectra were measured using a Shimazu UV-2600 spectrometer. A Bruker
Dimension Icon Atomic Force Microscope (AFM) was used to characterize the thin
film thickness. Hard X-ray photoelectron spectroscopy (HAXPES) located at the
HIKE end station, BESSY-II, Helmholtz-Zentrum-Berlin was used to record X-ray
photoelectron spectra.”’ In this work, 2005 eV was used as the photon energy. Both
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the overview spectra including all relevant lines, and high-resolution spectra of Sn
3d, C 1s, O 1Is and F 1s were recorded. All the spectral positions were corrected
with the Au 4f;, reference at 84.0 eV and the spectra were further analyzed using
Igor Pro software.

5.3 Result and Discussion

5.3.1 UV-Visspectra

The UV-vis spectra of the TinOH, TinA and TinF are shown in Fig. 5.2. All the
three tin oxo cages give strong absorption at ~225 nm. The samples were exposed
to 225 nm laser with a series of doses (from 0 to 3 J cm™), and the UV-vis spectrum
was recorded immediately after each exposure. The intensity of the main peak at
225 nm continuously decreased with increasing dose. To compare the spectral
changes of the three cages, the peak absorbances normalized to the original
unexposed sample are plotted in Fig. 5.2d. The intensity decreases of TinOH
spectra and TinA are similar, and faster than that of TinF.
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Figure 5.2. UV-Vis spectra of thin films of (a) TinOH. (b) TinA. (c) TinF. (d) peak
intensities vs. dose.

The films thicknesses of the cages on quartz were measured as 20 + 2 nm. The
densities of the thin films were assumed to be the same as the TinOH crystal density
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(1.84 g cm™).” The absorption coefficients of the three unexposed tin oxo cages can
be calculated from the spectra based on Lambert-Beer’s Law. We find that the
linear absorption coefficient of TinOH, TinA, and TinF to be 18.8 um™, 20.5 um™
and 17.8 um™ respectively, which are the same within experimental error. When 1.3
J cm™ DUV dose (equal to 1.5 x 10'® photons) is used to expose the sample.
TinOH, TinA and TinF can absorb ~550 photons/molecule. The decrease of the
UV-vis absorption at 225 nm was 48 % for TinOH, 46 % for TinA and 43 % for
TinF.

5.3.2 Overview XPS spectra

Thin films prepared from TinOH, TinA and TinF were further characterized by
means of HAXPES. The overview spectra of TinOH, TinA and TinF are shown in
Fig. 5.3. As expected, the Sn 3d 5, at ~487 eV, O 1s at ~531 eV, C 1s at ~285 eV
and F 1s at 688 eV peaks from the photoresist thin films and Au 4f7, at 84 eV from
the Au layer underneath are clearly observed in the spectra. The elemental
composition of the three tin oxo cages thin films was verified using the overview
spectra, because the peak areas are proportional to the amount of each element
present in the sample. We assume the tin atoms do not escape from the thin films
during the exposure, so all the other element peaks in the exposed samples were
normalized to Sn 3d (equal to 12 Tin atoms). The calculated elemental ratios of the
samples are listed in the Table 5.1, where we can see that the atomic composition of
the unexposed sample agrees well with the theoretical elemental ratio from the
molecules. We also compare the atomic ratio after exposure to a very high dose of
UV. In all the three kinds of tin oxo cages the carbon fraction decreased, by 25 % in
TinOH, 27 % in TinA and 50 % in TinF. The oxygen number almost stayed the
same for all the tin oxo cages. In the TinF, the fluorine atom number decreased
from 6 to 3, indicating -CF; group cleaved and diffused into the N,. If we calculate
the chemical reaction efficiency by calculating the carbon atomic ratio change in the
tin oxo cages, the chemical reaction yield of the TinF is apparently higher than
TinOH and TinA. It didn’t show clear connection between the photon absorption
and chemical reaction yield. Since the only difference among the three tin oxo
cages is at the counterion part, we can propose the counterion part can affect the
chemical reaction yield.

Table 5.1. Atomic ratio of tin oxo cage before and after exposure.

TinOH TinA TinF
Atom Sn O C Sn O C Sm O C F
Theory 12 22 48 12 22 52 12 22 52 6
Unexposed 12 22 48 12 24 51 12 24 50 6
Exposed 12 22 36 12 24 38 12 24 26 3
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Figure 5.3. The survey overview spectra of unexposed TinOH, TinA and TinF thin
films.

5.3.3 High-resolution XPS spectra

High-resolution Sn 3d spectra of the three tin oxo cages are shown in Fig. 5.4.
All the binding energies were calibrated with respect to Au 4fs5, (84.0 eV).
For all the tin oxo cages samples, the Sn3ds, peak positions are at ~487 eV. For
unexposed samples, the Sn 3ds» peak positions are at 487.0 eV (TinOH), 486.9 eV
(TinA) and 486.8 eV (TinF). Since all the tin atoms are from the core cage part,
which is the same for the three tin oxo cages, the Sn 3ds, peaks are almost at the
same position. But the full widths at half maximum (FWHM) of the Sn 3ds, band
are different: 1.36 eV, 1.29 eV and 1.14 eV, for TinOH, TinA and TinF,
respectively. Apparently, the counterions affect the electron distribution in the tin
cage via their hydrogen bonding to the bridging OH groups. The difference in the
binding energies of the 6-coordinated and 5-coordinated Sn atoms are increased
when the hydrogen bond donor is stronger (OH™ > "OAc > "O,CCFj3). After the tin
oxo cages are exposed to DUV, only the Sn 3d 5, peak position of TinOH slightly
shifted to lower binding energy (486.8 eV). The Sn 3ds, peaks of TinA and TinF
stay at the same position. The FWHM of the Sn 3ds, from three tin oxo cages
became narrower, TinOH is 1.27 eV; TinA is 1.17 eV; TinF is 1.13 eV.

By using the same method as in our previous work,23 the green sub-peak in Fig.
5.4 represents the 6-coordinated tin atoms in the side part of the cages, and the pink
sub-peak represents the 5-coordinated tin atoms in the middle part of the cage. We
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assumed there are only the two kinds of tin atoms in both the unexposed and
exposed samples. After exposure, the ratio between the two sub-peaks was changed
as calculated in the Table 5.2.
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Figure 5.4. Sn3d s, spectra of TinOH (a,d), TinA (b,e) and TinF (c.f) before and
after exposure in dry N.,.

Table 5.2. Relative numbers of two types of tin atoms derived from Sn 3ds;
spectra as well as extracted binding energies of the respective features (see
Fig.5.4).

atom no. 6-Sn 5-Sn
BE (eV) 486.7 487.3
TinOH  Unexp 6 6
exposed 9.2 2.8
BE (eV) 486.8 487.1
TinA Unexp 6 6
exposed 6.7 5.3
BE (eV) 486.8 486.9
TinF Unexp 6 6
exposed 7.4 4.6

By using the same method, high-resolution O 1s spectra of the three cages are
analyzed as shown in Fig. 5.5. As shown in the spectra, there is no obvious shifting
after exposure. Similarly, three sub-peaks representing the oxygen atoms in Sn-O,
Sn-OH and connected counterions (OH  in TinOH, CH;COO" in TinA and
CF;COO" in TinF) were fitted in the spectra. In the spectra of the unexposed
sample, the three sub-peaks were fitted according to the ratio 14: 6: 2 for TinOH
and 14: 6: 4 for TinA and TinF. After exposure, the number of oxygen atoms in all
three cages is barely changed. But the shapes of the O Is spectra are changed,
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indicating the chemical environment of the oxygen atoms in the film are changed.
As before, we model the spectra with only three kinds of oxygen atoms in the cages
after exposure. The contributions of the three sub-peaks are calculated and listed in
Table 5.3 together with the binding energy. As shown in Table 5.3, the total oxygen
number in the TinOH didn’t change, but the Sn-OH shoulder increased slightly
which could due to the hydroxide counterion attach to the cage part further change
the chemical environment of oxygen in hydroxide slightly. For TinA and TinF, both
the COO- and Sn-OH sub-peaks increased. Since the total oxygen atom number did
not change, some rearrangements at the oxygen atoms must have occurred.
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Figure 5.5. O Is spectra of TinOH (a,d), TinA (b,e) and Tin F(c,f) before and after
exposure in dry N,.

Table 5.3. Relative numbers of three types of oxygen atoms derived from O Is
spectra as well as extracted binding energies of the respective features (see
Fig.5.5).

atom no. Sn-O Sn-OH COO/OH
BE (eV) 530.7 532.1 533.0
TinOH | Unexp 14 6 2
exp 14 6.7 1.5
BE (eV) 530.8 5315 532.5
TinA Unexp 14 6 4
exp 11 8.5 5.0
BE (eV) 530.8 531.9 532.4
TinF Unexp 14 6 4
exp 14 5.7 39
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High-resolution C 1s spectra of the three tin oxo cages are shown in Fig. 5.6. Sub-
peaks were fitted to the C 1s spectra according to the different chemical
environments in the cages. We assumed the main C 1s peak (~285 eV) originates
from CH, and CHj; of the butyl groups and stays at the same position for all the
samples, regardless of unexposed or exposed samples. The changes are mainly at
the 286.4 eV shoulder from C-O and the peak at around 289.3 eV from C=0. The
carbon atoms connected with F have a specific peak around 293 eV. According to
our previous work, sub-peaks representing six carbon types 6-Sn-C, 5-Sn-C, C-C,
CO, COO and —CF; were fitted into the spectra. As shown in Fig. 5.6, the ratio
between different C atoms are changed significantly after exposure. In the TinOH
spectra, there is a clear peak rising at ~289 eV, and a shoulder growing up at ~286
eV. For TinA the shoulder at ~286 eV becomes much stronger. For TinF, similar
with TinA, the shoulder at ~286 ¢V becomes more obvious. But the contribution of
carbon from the —CF; group at ~293 eV is decreased relative the COO sub-peak.
The ratios between the different carbon atoms were calculated and are listed in
Table. 5.4.
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Figure 5.6. C s spectra of TinOH (a,d), TinA (b,e) and TinF (c.f) before and after
exposure in dry N,.

As shown in Table 5.4, similar with our previous work,” apparently, the Sn-C bond
cleaved and the generated butyl radical could abstract a hydrogen atom to form
butane, or donate a hydrogen atom to form butene. Also, products can be formed
with the butyl group attached to O atoms, as shown by the in situ exposure
experiments in Chapter 7. In the present experiments, however, some oxygen-
containing products could arise from reaction of photoproducts that are sensitive to
oxidation during transfer between instruments, in which brief contact with the
ambient air could not be fully avoided. These two processes can explain why the
oxygen number did not change to a measurable extent, but the C 1s peak shape
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changed and the shoulder increased at 286.4 eV. The atomic ratio of carbon from C-
O is higher in TinA than TinOH and TinF. We assumed that the counterion could
change the electron distribution in the cage part, and the oxygen in the TinA can
react with the cleaved butyl radical forming C-O bond easier than in the TinOH.
The —CF; ratio decrease also indicate the counterion could participate in the
chemical reaction during the exposure.

Table 5.4. Relative numbers of two types of carbon atoms derived from C Is
spectra as well as extracted binding energies of the respective features (see
Fig. 5.6).

Sn-C C-C C-O C=0/COO -CF;
BE (eV) 284.4 2852 2864 2893 --
TinOH | Unexp 6.0 42.0 0 0 -
exp 5.1 26 33 1.7 --
BE (eV) 284.4 285.0 286.3 288.8 --
TinA Unexp 6.0 43 0 2 --
exp 4.8 23 8.7 1.6 --
BE (eV) 284.2 2849 286.1 289.1 292.5
TinF Unexp 6.0 40 0 2.0 2.0
exp 4.3 16 32 1.4 0.8

There is no obvious shifting in the F 1s peak from the TinF. The possible reason
could be the —CFj is directly cleaved without any further reaction with the cage and
then diffused out into the atmosphere, which is in agreement with what has been
observed from the C s peak at —CF; position.

5.3.4 Dose contrast curve

Solubility changes of the tin oxo cages were tested by the dose contrast curves. The
thin films were exposed with a sequence of doses, and developed using a 2:1
IPA/H,0 mixture for 30 s. After development, the film thicknesses were measured
with AFM. The dose contrast curves are shown in Fig. 5.7 as plots of the remaining
film thickness vs the input dose.

The minimum dose needed to convert the photoresists into fully insoluble are 34 mJ

cm™ (TinOH), 40 mJ cm™ (TinA) and 110 mJ cm™ (TinF). The contrast of the three

photoresist can be calculated by using the following equation®* **:

[

-1
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Where D; is the dose induced a negative tone photoresist first to become insoluble
and Dy is the dose induced the negative tone photoresist into fully insoluble. The
contrasts of the three photoresists calculated from the equation are 2.11 + 0.03
(TinOH), 1.66 = 0.01 (TinA) and 0.96 £+ 0.08 (TinF). This observation is in line
with the UV absorption experiments. The higher carbon loss in TinF after the high
exposure dose of 1.3 J cm™ is perhaps not that relevant for the photoresist
performance, which in all cases requires < 100 mJ cm™.

The three anions used differ in basicity, nucleophilicity, and hydrogen bond
acceptor strength, all increasing in the series CF;COO” < CH3;COO™ < OH'. Since
there is a clear difference in the reactivity we conclude that at some stage of the
photoinduced chain of reactions the anion does play a role. It could abstract protons,
or bond directly to tin atoms.
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Figure 5.7. Dose contrast curves of TinOH, TinA and TinF under 225 nm DUV
exposure.

5.4 Conclusions

In this work, the UV photoresponses of three tin oxo cages photoresists with
different counterions were compared. The absorption coefficient of the three cages,
the chemical reaction yield and the solubility changes in the resist layer were
characterized. The UV sensitivity of TinOH and TinA was clearly higher than that
of TinF. Since the anions in the former two compounds are more basic and
nucleophilic than the trifluoroacetate anion, this suggests that the anions are
involved in the chemical process that leads to solubility switching.
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Chapter 6

Extreme ultraviolet patterning
of tin-oxo cages”

We report on the extreme ultraviolet (EUV) patterning performance of tin-oxo
cages. These cage molecules were already known to function as a negative tone
photoresist for EUV radiation, but in this work, we significantly optimized their
performance. Our results show that sensitivity and resolution are only meaningful
photoresist parameters if the process conditions are optimized. We focus on contrast
curves of the materials using large area EUV exposures and patterning of the cages
using EUV interference lithography. It is shown that baking steps, such as post-
exposure baking (PEB), can significantly affect both the sensitivity and contrast in
the open-frame experiments as well as the patterning experiments. Thicker layers
render lower EUV doses to induce a solubility change but decreased the patterning
quality. The patterning experiments were affected by minor changes in processing
conditions such as rinsing time. In addition, we show that the anions of the cage can
influence the sensitivity and quality of the patterning, probably through their effect
on physical properties of the materials.

* This chapter was published in modified form in J. Haitjema, Y. Zhang, M. Vockenhuber,
D. Kazazis, Y. Ekinci and A. M. Brouwer, "Extreme ultraviolet patterning of tin-oxo cages",
J. Micro/Nanolitho. MEMS MOEMS, 2017, 16, 7.'
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6.1 Introduction

Extreme ultraviolet lithography (EUVL) is a powerful technique, which can further
improve the resolution of patterning in advanced semiconductor manufacturing.
Nevertheless, there are still many challenges to be overcome for the introduction of
EUVL into high volume manufacturing. One of these challenges is the photoresist
performance. The high energy per photon means fewer photons for the same dose
compared to previous optical lithography based on ultraviolet light, which
exacerbates stochastic noise related to photon absorption events.” This leads to
increased line edge roughness and puts limits on the achievable resolution for a
given dose. One way to get more chemical conversion per absorbed photon is to use
chemical amplification mechanisms such as in acid sensitive resists.” However, the
photoacid generators and their quenchers are randomly distributed, causing further
stochastic effects.* Quenchers, in particular, are known to have a large contribution
to stochastic noise, as a result of their low concentration in the photosensitive
layer.’

For these reasons, it is interesting to search for alternative materials with improved
properties, such as metal-containing compounds. These have a larger absorption
cross section for EUV photons, which contributes to an increase in sensitivity.6 This
may eliminate the need for chemical amplification, removing statistical
uncertainties in the position of photoacid generators and quenchers. Metal-
containing compounds also have an improved etch resistance compared to
conventional chemically amplified resists (CARs).”®

Nanoparticles, introduced by Trikeriotis et al® and organic-inorganic hybrid
compounds have demonstrated photoresist performance.” '° Since the latter
materials are molecular, they are well defined with a single particle size, as opposed
to the nanoparticle systems. Tin-oxo cages are the subject of the present work (see
Fig. 6.1)."" The cage has a 2+ charge and is therefore stabilized by one or two
counterions.

The tin-oxo cage molecules can be regarded as the tin analog of the silicon-
containing silsesquioxane class of compounds. Hydrogen silsesquioxane (HSQ) is
the most prominent member of this family, and it has been used to achieve high
resolution patterning with both e-beam and EUV lithography.'> However, the
sensitivity of HSQ is very low, mainly due to the low EUV absorption. EUV
absorption can be increased significantly by incorporating metal atoms that strongly
absorb EUV light. It is not possible to directly replace silicon with tin in HSQ due
to the larger size of the tin atom. The tin-oxo cage material is a similar building
block with a slightly different shape. The calculated linear absorption coefficient (o)
for TinS is 13.3 pm™' assuming a density of 1.9 g cm” taken from the crystal
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structure,” and using atomic EUV absorption coefficients reported in the
literature." Recently, the absorption coefficients o for some of the tin cage
materials were measured,”” and found to be in good agreement with the predicted
ones.
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Figure 6.1. Tin-oxo cages with four different anions: hydroxide (TinOH), acetate
(TinA), malonate (TinM) and tosylate (TinS). For the malonate, the ratio of tin
cages to malonate anions is 1:1.

The absorption coefficient o of organic polymer-based resist is typically ~5 um™,
whereas tin-based materials from Inpria Corp. show higher absorption coefficients,

even up to 20 pm. e

While a large absorption coefficient favors sensitivity, it is not
known how efficiently absorbed photons induce a change in solubility of these

materials, nor is it known what the maximum achievable efficiency is.

The tin-oxo cage system has the advantage that two structural features can be
readily altered: the anions at the side of the cage (X') and the organic groups (n-
butyl chains in Fig. 6.1). In this study, we focus on the EUV patterning of some
selected materials of this class. The chemical changes upon exposure to short-
wavelength UV light are discussed elsewhere. '”'®

6.2 Materials and methods

6.2.1 Materials

We synthesized the tin-oxo cage with two tosylates as the anions (TinTs) according
to a procedure described by Eychenne-Baron et al."” The dihydroxide form of the
tin cage (TinOH) was obtained using a procedure described by Eychenne-Baron et
al."” A 20 wt.% solution of Tin$ in isopropanol (IPA) was mixed with a solution of
aqueous tetramethylammonium hydroxide (TMAH) in IPA. The TMAH was used
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in excess (2.3%). Precipitation occurred instantaneously. The resulting suspension
was filtered to obtain a white powder. The diacetate (TinA) and malonate (TinM)
analogues of the tin cluster were obtained using a procedure described by van
Lokeren et al.” More details about synthesis can be found in the reference 1. NMR
analysis was carried out using a Bruker AV-400 NMR spectrometer. The 'H and
"Sn NMR spectra were found to be in agreement with the literature.'" > ' The
thermogravimetic analysis (TGA) of TinOH was performed using a NETZSCH
thermogravimetric analyzer, using 22.2 mg of sample in an Al,O; crucible. Heating
was performed from 35 °C to 800 °C at 10 K min™. in an 80% / 20% N,/ O,
atmosphere.

For a typical thin film of ~40 nm thickness, a solution of the tin-oxo cage (with any
of the counterions except malonate) of 15 mg mL™ in toluene is made using
sonication (30 s). The malonate form did not sufficiently dissolve in toluene and
was therefore dissolved in methanol. Particulates were removed by filtering the
solutions using an 0.2 pm syringe filter before spin coating. The solutions were
spun on Si wafers (for interference lithography) and on 2 x 2 cm”® Si chips (for
open-frame experiments) with a spin speed of 2500 rpm for 45 s, with a subsequent
soft bake of 30 s at 90 °C. Both wafers and chips were treated with
hexamethyldisilazane (HMDS) before spin coating. After exposure, the samples
were developed using a 2:1 IPA/H,0 mixture for 30 s and rinsed for 10 s with H,O.

6.2.2 EUV exposure

EUV exposures were carried out at the XIL-II beamline of the Swiss Light Source
(SLS) synchrotron at the Paul Scherrer Institut (PSI) with EUV light of A = 13.5
nm.”' For the open-frame experiments, 0.5 x 0.5 mm” areas were exposed to EUV
light through a square aperture. For the patterning experiments, a transmission mask
was used providing line/space patterns with pitches of 100, 80, 60 and 44 nm.

6.2.3 Post-exposure analysis

Atomic force microscopy (AFM) images were made using a Bruker Dimension
Icon, using the PeakForce tapping (ScanAsysAir) mode. Perpendicular to the resist
edge, fields of 40 x 5 um?® were scanned with 128 samples/line, using a scan speed
of 0.5 Hz. The raw images were corrected for bowing using first- and Second-order
corrections, and film thickness was measured by comparing the height of the film
with the height of the substrate, as shown in Fig. 6.2. Scanning Electron
Microscopy (SEM) imaging was performed using a Carl Zeiss SUPRA 55VP SEM
with a voltage of 1 kV.
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6.3 Result and Discussion

6.3.1 Open-frame experiments: contrast curves

Contrast curves (also known as H-D curves or characteristic curves) were obtained
by measuring the remaining thickness after development as a function of EUV
exposure dose using AFM imaging (see experimental section).

A typical AFM image of the material edge is shown in Fig. 6.2. Here, the left part
of the image corresponds to the bare Si substrate that became uncoated after the
unexposed material was removed by the developer. The right part of the image
shows exposed and therefore insoluble material. It can be seen that the edge of the
profile is partly covered by a wave pattern, caused by interference effects (knife-
edge effect). To measure the remaining thickness correctly, the height of the resist
was measured as far from the edge as possible and averaged over a certain distance

.
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Figure 6.2. AFM image of the material edge (top). Image height was corrected
using a second-order flattening procedure. The height values of the image were
then averaged along the y-axis to produce an edge cross section (top). The average
substrate height (red) was compared with the average photoresist height far from
the edge (blue).

Contrast curves were first used to compare compounds with different counterions,
TinOH and TinA. The anion of the tin cage can not only alter the reaction of the
material to EUV excitation,'" but also its physical properties such as solubility. For
instance, doubly charged anions such as malonate combined with the cage
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compound render the material more polymeric in nature because the tin cage can
form elongated chains with the doubly charged counterion.”

TinOH and TinA were spin coated with a subsequent post-application bake (90°C)
before exposure (see experimental). They did not differ significantly in their
sensitivity judging from the contrast curves (Fig. 6.3). This could mean that the
anions are not directly involved in the mechanism that leads to the solubility switch.
They could act as nonreactive spacers, as was proposed by Cardineau et al.'"' We
can observe the onset of gelation at ~10 mJ cm™ and a maximum thickness at ~50
mJ cm™. At higher doses, the thickness decreases again. This is likely due to the
further loss of butyl chains, in analogy to the results reported for deep UV
exposures.'’
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Figure 6.3. Remaining layer thickness as a function of EUV dose for TinOH and
TinA. Initial thickness was ~40 nm. No PEB was applied.

In addition to the anion effect, improvements to the process can also alter the
contrast curves. In fact, photoresist parameters such as sensitivity and resolution are
only meaningful concepts if the process conditions are optimized. Parameters that
were optimized in this work were: developer, development time, PAB, and PEB.
Firstly, the use of a different developer may improve resist performance by
providing a larger difference in the solubility rates of the exposed and unexposed
areas (solubility contrast). A few other developers instead of the 2:1 IPA/H,O
mixture'' were tested, such as 2-heptanone.22 None of them, however, seemed to
significantly improve resist performance. For this reason, only the results obtained
with the 2:1 IPA/H,0 developer are shown.
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Another important processing step is post-exposure baking (PEB). This is well-
known for CARs: heating the resist after exposure allows diffusion of the
photoacids, and induces the removal of the dissolution inhibiting protecting
groups.” For non-CARs, the chemical effect of heating is less clear. Although
photoacid diffusion does not apply here, the heating could still induce additional
chemical reactions of species that were formed during the exposure step. This seem
a likely mechanism, since EUV exposures take place in vacuum whereas the
photoresist material is baked under ambient atmosphere, enabling reactions of
reactive species with oxygen and moisture.

However, the conditions of the PEB should be carefully tuned, since the unexposed
material may also change solubility. This can lead to loss of contrast. In the case of
a negative tone resist, it is essential that the unexposed part can still be fully cleared
by the developer.

The baking effect was studied for two different anions: the hydroxide and the
malonate. The malonate form is more polymeric in nature and may, therefore, have
a different response to heating. The effect of baking at 100°C for the hydroxide
form is shown in Fig. 6.4.

PEB (100 °C, 2 min.) has a significant effect on the sensitivity of the tin-oxo cage
material. A lower dose is required to reach the onset of gelation (7 mJ cm™ PEB, 8
mJ ¢cm” non PEB) and to achieve a remaining thickness of 20 nm, the dose needed
is 2x smaller than without PEB. Additionally, the contrast seems to increase, as the
initial increase of remaining thickness with dose is ~4 x larger for the baked
samples. However, we note that the contrast measured in this way can be different
from the theoretical contrast, which is defined as the difference in solubility rate
between the exposed and non-exposed parts of the resist.** Measuring this more
directly, for instance using a quartz crystal microbalance (QCM) would be needed
to get an accurate value for the contrast.

The effect of baking was also investigated for a layer with higher initial thickness
(60 nm instead of 40 nm). The baking effect was consistent here (see Fig. 6.5).
However, we also note a large increase in the sensitivity for a thicker layer of
TinOH. Only 2 mJ cm™ was needed for a reasonable remaining thickness (26 nm).
Calculations by others show that a reasonable dose at the bottom of the resist layer
is required for this type of materials, in order to make the converted material attach
to the substrate.”> However, these results contradict this. Apparently, converted
material attaches easily even if it is not in direct connection with the substrate. A
thicker layer leads to a larger amount of converted material, which apparently leads
to a higher remaining thickness as well. The effect of resist thickness was
investigated earlier for CARs in previous work,”® which also showed dependence of
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lithographic performance on layer thickness. For CARs, pattern collapse occurred

more often upon increasing layer thickness (25 to 30 nm), though on the other hand,
LER decreased. Pattern quality also worsened for tin cage material upon increasing

layer thickness (results not shown).
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Figure 6.4. Contrast curves of TinOH, measured without PEB (black) and with
PEB at 100 °C (red). Initial thickness was ~40 nm.
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Figure 6.5. The post-exposure baking effect for TinOH with a higher initial layer
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The films were also baked after exposure at two higher temperatures: 120 °C and
150 °C. The unexposed parts of the film became partly insoluble. In the case of 120
°C, the unexposed resist layer was still lower in height than the exposed material,
except at very low doses (< 5 mJ cm™). We suspect that, at these low doses, the
shrinkage of the material was a larger factor than the solubility change. In the case
of a 150 °C PEB, the unexposed layer was barely soluble, leading to a decrease in
height of the exposed parts for all used doses (2-50 mJ cm™). PEB at these higher
temperatures is probably not suitable for negative patterning. An extensive study on
this 150 °C PEB condition applied on TinOH will be discussed in Chapter 8.

The effect of temperature on the materials was investigated by means of TGA, with
which mass loss as a function of temperature can be measured. This can give
additional information about the temperature stability of the unexposed material. A
TGA curve of TinOH is shown in Fig. 6.6.

It can be seen that the remaining mass of TinOH first has a slight drop at the onset
of the curve (< 100 °C). This can be attributed to the loss of some loosely attached
IPA, the solvent that was used in the conversion step from TinS to TinOH (see
experimental). The remaining mass reaches a first plateau around 100 °C, but drops
suddenly above 150 °C, at which temperature we observe a change in solubility.
Banse et al.”” reported that the crystal structure of TinOH contains four molecules
of IPA, but they observed that powders are easily obtained that contain less IPA.
The weight loss at ~ 150 °C could be due to the loss of the most tightly bound
solvent. It is also conceivable that water is eliminated, accompanied by
deprotonation of the bridging OH-groups. Above ~200 °C, a gradual loss of ~22%
of the original weight occurs that can be attributed to the loss of organic content
(cleavage of the butyl groups). The final remaining mass is 72%, which is close to
the theoretical remaining mass of 73% assuming complete conversion to SnO,. The
slightly lower remaining mass can be attributed to the presence of IPA or H,O in
the initial sample.

The temperature response can be different for different tin cage materials. The
malonate form (TinM) was also baked at 120 °C. Surprisingly, the non-exposed
TinM was still completely soluble even at this temperature. In addition, the
sensitivity of the material seems to be high (see Fig. 6.7), although the high initial
layer thickness also plays a role. If we compare the results to TinOH (Fig. 6.5), we
see that in both cases a higher initial thickness leads to a higher remaining
thickness. However, the measured contrast of TinM under these conditions appears
to be lower than that of TinOH (PEB at 100 °C, Fig. 6.5), which could explain why
the patterning results of TinM were not significantly better.
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Figure 6.6. TGA analysis for TinOH powder, in an 80%/20% N,/O, atmosphere.
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Figure 6.7. Contrast curve of TinM, using a PEB of 120 °C. Initial thickness was
~50 nm.
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6.3.2 Interference lithography experiments: patterning

Line patterns were printed in ~30 nm thick films of the tin cage materials using
EUV interference lithography. Transmission diffraction gratings on a Si;Ny
membrane were used (mask) to create mutually coherent beams, which in turn
interfere to form the desired interference pattern. In our case, by utilizing two
gratings we obtained line/space patterns with half the periodicity of the gratings on
the mask.”’” Patterning experiments are important to demonstrate the potential of
materials for photoresist applications: a performance is sought with the resolution
and sensitivity being as high as possible, and the line edge roughness being
minimized.

No PEB PEB: 100°C

34 mJ/cm?

131 mJ/cm?

Figure 6.8. The effect of PEB on TinOH measured at two different doses (34 and
131 mJ em™) for 50 nm half-pitch lines.

In Fig. 6.8 the effect of PEB can be seen. The pattern is almost invisible for the 34
mJ cm™ dose when no post-exposure bake is applied, but clearly present when it is
(100°C, 30 s before development). In the case of the patterns written with 131 mJ
cm™ dose, the lines increase in width with respect to the spaces. The lines are
around 50 nm for the non-PEB sample but increase in width to around 68 nm for
the PEB sample. This must mean that kinetically stable reaction products are
formed during the EUV exposure, which reacts further during the PEB step.

Other parameters that were investigated were rinsing time and hard baking (post-
development baking, HAB). These parameters were investigated because they could
have a favorable effect on microbridging, an undesirable phenomenon that was
encountered during interference lithography experiments. The effect of rinsing and
HAB on this phenomenon is shown in Fig. 6.9.



Standard conditions Longer rinse time (30s) Hard bake

Figure 6.9. Minimization of bridging effect, for TinOH using a dose of 110 mJ cm™
on 50 nm HP lines. The regular rinsing time was 10 s. PEB was performed at
100°C for 2 min for all three patterns. HAB (post-development baking) was
performed at 200 °C for 1 min.

The images show that the bridging effect is reduced if a longer rinsing time is used.
Longer rinsing time also leads to smaller lines relative to the spaces. Under standard
conditions the lines are around 60 nm, whereas longer rinsing decreases this to
around 50 nm. This implies that the resist is still partially soluble in the rinser (H,O)
and that the rinsing time should be well adjusted. HAB (200 °C for 1 min) does not
significantly change the pattern, although it slightly reduces the line width to around
55 nm.

The materials were also tested at higher resolution. Although 80 nm pitch lines
could be printed, the 60 nm and 44 nm pitch lines were significantly more difficult
to print. Significant bridging between lines was observed. Probably this has to do
with a problem of the development or rinsing process. Pattern collapse does not
seem very likely, however, since the aspect ratio of the pattern is close to 1:1.
Rather, the lines seem to detach from the substrate, signaling poor adhesion of the
resist film or pattern collapse. For none of the presently studied materials, patterns
at 22 nm HP could be resolved. Further investigations and improvements are
needed to reach high resolution, such as reducing the aspect ratio, changing and
optimization of the rinsing solvent, and improving adhesion of the resist layer to the
substrate using surface treatments or underlayers.

Similarly to the open-frame experiments, we also patterned thicker layers (30 nm
instead of 20 nm). However, a higher sensitivity was not found here. A reason could
be that adhesion of the lines is very important for patterning experiments. A thicker
layer receives less light at the bottom, making this adhesion more difficult.
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40 nm HP lines, 74 mJ/cm? 30 nm HP lines, 68 mJ/cm?

Figure 6.10. Interference lithography on TinA. Processing conditions: PAB 90 °C
(1 min), PEB 100 °C (1 min), HAB 200 °C (1 min).

The best patterns were created for the tin cage with acetate (CH;COOQO) anions. This
material was significantly less prone to pattern collapse or bridging, perhaps owing
to its better stability. Two patterns at half pitches of 40 nm and 30 nm for this anion
can be seen in Fig. 6.10. As it is seen in the figure, patterning with high quality is
obtained down to 30-nm HP and the resolution is limited by the pattern collapse due
to the adhesion problems.

After publication of our work in reference 1, we further optimized the process
conditions. The film thickness of new TinOH and TinA samples was around 30 nm.
We obtained the best patterns for as shown in Fig. 6.11. The TinOH pattern at hp 22
nm (pitch 44 nm) can be seen in Fig. 6.11a. The TinA pattern at hp 30 nm can be
seen in Fig. 6.11b. With lower aspect ratio, the pattern collapse or bridging was
reduced. So far, however, we still failed to achieve higher resolution (hp 16 nm).

57 mJ/cm?

Figure 6.11. Interference lithography on TinOH (a) and TinA (b). Process
condition: (a) PAB 90 °C for 1 min, PEB 100 °C for 1 min, develop with 2:1 IPA:
H,0 for 30s, rinse with H,O for 20s, HAB 150 °C for 2 min. (b) PAB 90 °C for 1
min, PEB 100 °C for 1 min, 2:1 IPA: H,O for 30s, rinse with H>O for 10s HAB 100
°C for I min.
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6.4 Conclusions

We studied the EUV patterning of thin films of a small set of tin-oxo cage
compounds. The relatively high packing density of Sn atoms provides a highly
absorbing material,"’ since Sn is one of the most absorbing elements at 13.5 nm."*
Optimization of the processing conditions provided a better sensitivity than was
reported previously.'' Large area exposure (contrast curve) experiments showed a
dependence on initial layer thickness and PEB temperature. Post exposure baking
also substantially improved the negative tone photoresist performance in patterning
experiments. This suggests that EUV photoreaction products are formed that can
further react during the baking step. Identification of such photoproducts is a target
of our ongoing research. Loss of carbon, in any form, leaves the Sn atoms in a
coordinately unsaturated state, making them potentially more reactive. While we
have achieved progress, it is clear that further improvements are needed to make the
materials competitive with the state of the art EUV resist. The process of
improvement would benefit greatly from a better understanding of the
photochemical processes at work. For instance, the relatively low sensitivity
suggests that loss mechanisms may be at play in which EUV photons are not
converted into the desired solubility change. Reduction of these loss mechanisms
could pave the way towards more sensitive resist materials.
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Chapter 7

The photoreaction mechanism
of tin oxo cages under EUV
exposure’

In this work, we focus on tin oxo cages as model photoresists and investigate their
photoreaction mechanism under EUV (13.5 nm) and DUV (225 nm) exposure. Sn-
containing photoresists have attracted attention for EUV lithography because of
their high photon absorption cross section at EUV (92 eV, 13.5 nm). We use
different X-ray photoelectron spectroscopies combined with mass spectrometry
methods to investigate the photon-induced chemistry in the photoresist films. To
study primary reactions between EUV photons and the tin oxo cages, photoelectron
spectrum with photon energies of 60, 92 120 and 150 eV were measured. This
experimentally confirms the high contribution of tin atoms to the photoionization
cross section of the tin oxo cages at 92 eV. Further chemical changes under EUV
exposure were also investigated/identified by in-situ and ex-situ measurements such
as XPS, time-of-flight secondary ionization mass spectrometry (TOF-SIMS) and
resist outgassing measurements. The formation of carbonyl bonds was detected in
both in-situ and ex-situ measurement. The EUV induced species were found to be
very sensitive to a post-exposure bake step. The outgassing products butane, butene,
octane and butanal are detected. Using these results, the chemical reaction
mechanism that renders the solubility switch is proposed, making an additional
comparison between EUV and DUV photochemistry and reaction yield. This work
provides a model to understand the photon-photoresist interaction.

* Y. Zhang, J. Haitjema, M. Baljozovic, F. Johansson, N. Sadegh, M. Vockenhuber, D.
Kazazis, I. Pollentier, J. D. Keelor, D. De Simone, A. Lindblad, T. A. Jung, Y. Ekinci, S.
Castellanos, A. M. Brouwer, "The photoreaction mechanism of tin oxo cages under EUV
exposure", Manuscript in preparation.
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7.1 Introduction

With the progress of the semiconductor industry towards smaller, faster and more
powerful next generation chips, EUV photolithography is a much-anticipated
milestone because of the short wavelength of 13.5 nm, which enables to shift the
frontiers imposed by the optical diffraction limit.'"”> To make best use of this
technique, not only the design of the photolithographic scanners needs attention, but
also the photoresist material used.* Chemically amplified photoresists (CARs) based
on photochemical acid generation and catalytic deprotection of dissolution
inhibiting groups have been widely used in previous generations of
photolithography that use 193 nm and 248 nm light sources.” © CARs, however,
have low EUV photon absorption, and weak resistance to etching. Moreover,
amplification has to be reduced in order to avoid pattern blur due to acid diffusion,
which goes at the expense of sensitivity. As alternatives, inorganic or
organometallic photoresists are considered for EUV lithography.” * The metal
atoms in these compounds have a higher photon absorption cross section in the
EUYV range, possibly removing the need for chemical amplification, and contribute
to a strong etch resistance.” A variety of metal containing photoresists has been
studied, such as Hf-, Zr-, Ti-, and Sn-based materials.'”'® Most of them have shown
good sensitivity to EUV, and give high-resolution patterns. Among these metal-
containing photoresists, Sn-containing materials are attractive owing to their high
photon absorption cross section at the EUV wavelength.'”"® Recently, Inpria has
introduced Sn-based photoresists which are seriously considered for industrial
application.”® *' Their large EUV absorption coefficient, chemical stability and
good pattern performance make Sn-based materials attractive for next generation
20, 22-24

photolithography.

Different tin-containing photoresists were introduced as potential candidate EUV
photoresists.'"'* 2125 Tin oxo cage compounds can be used as a model to study
the photoresist reaction mechanism under EUV exposure due to their easy

preparation and well-defined molecular structures.'" ' %

In the present work we
focus on the tin oxo cage with n-butyl groups and hydroxide counterions, shown in
Fig. 7.1. This class of compounds was first introduced as EUV photoresist by
Brainard’s group.'' They showed that it could be used as a negative tone photoresist,
with a resolution of 18 nm dense lines. They also proposed that the homolytic
cleavage of the tin-carbon bond, forming a radical at a Sn atom and further cross-
linking with the neighbor cage is the main reaction mechanism leading to the
solubility switch. In our previous work, the facile cleavage of tin-carbon bonds in
the tin oxo cages was supported by quantum-chemical calculations, in which one-
electron oxidation or formation of a triplet excited state leads to spontaneous
dissociation of the tin-carbon bond.”” The chemical reaction in the solid thin film

under DUV exposure was studied by means of X-ray Photoelectron Spectroscopy
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(XPS), which confirmed the loss of carbon experimentally.*® Photoexcitation of the
bare tin cage dications in the gas phase also led to tin-carbon bond cleavage as the
primary process.”*’ It was also discovered that the tin oxo cage can change tone

from negative to positive under electron beam lithography and EUV 1ithography.30
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Figure 7.1. Structure diagram of TinOH.

In the present work, we study the chemical reactions in the tin oxo cage thin films
induced by EUV radiation. We investigated the photoionization cross section of the
tin oxo cages in the EUV wavelength range. The chemical reaction in the
photoresist thin film as a function of EUV dose was studied using X-ray
photoelectron spectroscopy (XPS) with in situ exposure. In other experiments, we
performed EUV exposure with accurately known doses, and XPS analysis on a
separate instrument.”’ Additionally, the reaction products upon DUV exposure were
characterized for comparison. The exposed thin films were further characterized by
Time-of-flight secondary ionization mass spectrometry (TOF-SIMS), to study the
chemical composition of the final products. To detect low molecular weight
reaction products directly, the tin oxo cage resist was exposed to EUV while
volatile products were detected using an outgassing qualification tool at IMEC.*?
The products of the chemical reaction in the tin oxo cages upon EUV exposure
were sufficiently evaluated based on all these different measurements. The chemical
reaction pathway of tin oxo cages under different EUV exposure doses was
quantified and this showed that the chemical reaction yield per photon is higher
under EUV than under DUV exposure. The full analysis of this model photoresist’s
behavior under photon irradiation gives us the opportunity to find potential ways to
build more efficient photoresists and push the EUV lithography toward success.
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7.2  Experiment

7.2.1 Sample preparation

The synthesis of the tin oxo cages has been described in our previous publications.”'
In this work we focus on tin oxo cages with hydroxide as counterion (TinOH).32 For
XPS measurements, the substrate should be conductive. To prepare conductive
substrates, 2 nm Cr and 18 nm Au were successively coated on 1 x 1 cm? Si
substrates previously cleaned with base piranha (NH,OH/H,O, solution) using a
Leica EM ACE 600 Double sputter coater. TinOH was dissolved in toluene (7.5 mg
mL™") and filtered through a 0.25 pm PTFE filter right before spin coating on the
prepared conductive substrate at 2500 rpm for 35 s after accelerating by 750 rpm s™.
The resulting film thickness was characterized by means of AFM to be ~20 nm.
Some samples were pre-exposed by EUV/DUV before measurements. Samples for
mass spectrometry were prepared on HMDS pretreated Si and partially pre-exposed
by EUV and DUV. Samples for the IMEC resist outgassing system were freshly
introduced into the set-up without pre-exposure.

7.2.2 Exposure

In this work, EUV (13.5 nm, 92 eV) exposures were performed at the XIL-II
beamline of the Swiss Light Source (SLS) synchrotron at the Paul Scherrer
Institute. Deep UV light was produced by a nanosecond YAG-pumped OPA laser
(Ekspla NT342B; 225 nm, 2.5 mJ pulse'l, 10 Hz). For EUV, 8 x 8 mm? areas were
exposed, while for DUV an area corresponding to the profile of the pulsed laser
beam was exposed (diameter ~5 mm). The exposure dose was controlled by varying
the exposure time. For the XPS samples, doses of 10, 50, and 250 mJ cm™ were
used for EUV exposed samples whereas we chose one dose (50 mJ cm™) to expose
with DUV. For the ToF-SIMS analysis, the doses 20, 50 and 125 mJ cm™ were
chosen for both EUV and DUV exposures. Since the EUV exposure was done
under high vacuum, to get rid of the oxygen and water effects from the atmosphere
for DUV exposure, the samples were mounted in a chamber with 225 nm
transparent quartz windows filled with dry N,. However, the DUV exposure of the
ToF-SIMS samples was performed in air.

7.2.3 Photoelectron spectroscopy

Low dose photoelectron spectroscopy (LowDose PES) was performed using the
synchrotron light source (BESSY-II, Helmholtz-Zentrum-Berlin) at the PM4
beamline™ using an angle-resolved time of flight (ArTOF) spectrometer.34 A lower
photon flux was used in this beamline for probing materials that are sensitive to
radiation-induced sample damage. The sample change over time was monitored,
and no significant charging or radiation damage was found in the spectra within 10
min. The ArTOF spectrometer makes it possible to record the spectra with high
resolution. For our EUVL purpose, at this beamline, by moving a slit out of the
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beam, the sample can be exposed to a higher flux of 92 eV photons and followed by
the recording of high resolution XPS to trace the chemical changes in the samples
without any contamination from the atmosphere. The sample was prepared on a
conductive substrate as described above. In this work, we used a 360 I/mm grating,
which gives access to the EUV at 92 eV and also allows to measure all the relevant
atoms’ chemical high resolution XPS spectra with photon energies up to 650 eV.

In addition to the in-situ measurement, ex-situ experiments were also performed to
characterize the photon induced chemical changes. XPS with a SPECS analyzer
Phoibos 150, and a monochromatic AlKa X-ray source (photon energy 1486.6 eV,
power 200 W, at PSI) was used to investigate the chemical changes in the EUV
exposed photoresist thin films. As a comparison, hard x-ray photon electron
spectroscopy (HAXPES) was also used to study the DUV exposed photoresist thin
films. The details of the HAXPES measurements can be found in our previous
publication.”® All peak positions of the core electrons are presented as binding
energies and were corrected using the overview spectra, using the C 1s peak at
285.0 eV and the Au 4f;, lines at 84.0 eV from a clean Au-foil reference. Fits were
performed using Gaussian peaks convoluted with a Lorentzian function (10%),
which accounts for the finite lifetime of the core ionized state. Igor Pro software
was used for spectra analysis. The element ratio in the sample is in proportion to the
corresponded peak area ratio in the overview spectra. By using the software, each
relevant peak was integrated individually. Using the relative sensitivity factor for
each element from the literature® the elemental ratio in the thin films can be
calculated from the corresponding peak area.

7.2.4 TOF-SIMS mass spectrometry

Time-of-flight secondary ionization mass spectrometry (TOF-SIMS) was conducted
on a PHI nano TOF II instrument equipped with a 30 kV bismuth (Bi;") source. The
measured mass range was 0 — 3000 Da. EUV doses of 20, 50 and 125 mJ cm™ were
applied on 8.5 x 8.5 mm” areas on the samples to be measured.

7.2.5 Outgassing measurement

Unexposed TinOH thin film was prepared and introduced into an IMEC resist
outgassing qualification system equipped with EUV light source for exposure, and a
residual gas analyzer (RGA) for recording the mass spectrum of the outgassed
products.

7.3 Result and Discussion

7.3.1 In-situ XPS
To characterize the photoelectron emission and the chemical changes of the
photoresist, various X-ray photoelectron spectroscopy methods were used. As we
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observed from the calculation of the photon absorption cross sections of different
atoms,'”*® the Sn atom was calculated to have strong absorption at around 92 eV,
mainly due to ionization of the 4d electrons.”® To investigate the interaction
between the low energy photon (at around EUV range) and the photoresist, low
dose X-ray photoelectron spectroscopy was performed on the TinOH thin film.
Photon energies 60, 92, 120 and 150 eV were applied and the photoelectron spectra
were recorded as shown in Fig. 7.2. All the spectra were corrected for the photon
flux, transmission function of the spectrometer and the inelastic mean free path of
the electrons with different kinetic energies.”” In the spectrum, we can observe a
clear Sn 4d peak at ~26 eV and a valence band from ~4 to ~12 eV. The Sn 4d
orbital is a rich source of primary electrons, which initiate the electron cascades
mostly responsible for chemical changes in EUV resists. Comparing the intensity of
the Sn 4d peaks at different photon energies, considerably more photoelectrons
were generated from Sn 4d with 92 eV photon exposure.

Sn4d —— Photonenergy 60 eV
'E' 304 — Photonenergy 92 eV
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Figure 7.2. PES of thin layer of tin oxo cage (OH counterions) with photon
energies 60, 92, 120 and 150 eV, the intensity of the spectra has been corrected for
the photon flux, electron inelastic mean free path and transmission function of the
spectrometer.

The chemical changes in the photoresists upon 92 eV irradiation can be monitored
by recording XPS spectra at higher photon energies sequentially. We used 650 eV
for overview spectra, 630 eV for high-resolution O 1s spectra, 580 eV for Sn 3d
spectra and 380 eV for C 1s. Unfortunately, the photon flux in this set-up at the
time of our experiments was not known. Therefore, we used the exposure time to
indicate the dose increase, and further tracing the chemical changes.”® The overview
spectra of TinOH under different doses are shown in Fig. 7.3. In line with our
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previous work, the relative concentrations of the elements in the thin film are
consistent with the expected ratios of tin, oxygen and carbon of 12: 22: 48.*® As we
assumed in our previous work, Sn containing fragments are too heavy to escape
from the thin film upon exposure; only fragments containing oxygen and carbon are
expected to outgas from the film.” This assumption enables studying the change in
concentration of O and C as a function of exposure dose, by comparing them to the
Sn peaks, as shown in table 7.1. With increasing dose, the oxygen and carbon atom
number continuously decreased. The carbon content decreased faster than the
oxygen content, but the loss of oxygen is still pronounced. With 10 min exposure,
~2 carbon atoms and ~2 oxygen atoms were removed per tin oxo cage molecule.
With 60 min exposure, around 6 oxygen atoms and 30 carbon atoms were removed.
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Figure 7.3. XPS of TinOH thin layer, unexposed, 10 min and 60 min in-situ EUV
exposed. Recorded with photon energy 650 eV.

Table 7.1. Relative amounts of Sn, O and C in TinOH films with increasing
exposure time.

TinOH Sn O C
Theoretical 12 22 48
unexp 12 22 +2 48 £2

10 min exp 12 20£2 46 £2
60 min exp 12 16+2 18+ 1

In addition to the XPS overview spectra, high-resolution XPS spectra were recorded
to detect the intermediates or the final products in the thin films under EUV
exposure. High-resolution XPS spectra provide detailed insight into chemical
changes, by looking at differences in electron binding energy in the characteristic
orbitals of the different elements in different chemical environments (chemical
shift). This adds complementary information to overview spectra, where only the
ratio between elements can be studied. The high-resolution spectra of the three
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samples at Sn 3ds,, O 1s, and C 1s positions were recorded using low dose XPS, as
shown in Fig. 7.4. To properly interpret the high-resolution spectra, we need to
consider the chemical composition of TinOH. As shown in Fig. 7.1, in the original
TinOH structure, there are two types of tin atoms: six 5-coordinated tin atoms in the
central belt of the cage and six 6-coordinated tin atoms at the caps of the cage.
There are three types of oxygen atoms in the cages, 2 oxygen atoms from the
hydroxide counterions (OH"), 14 oxygen atoms bound to three Sn atoms (12 in the
central belt of the cage and 2 on the inside) (Sn-O) and 6 oxygen atoms (Sn-OH)
from the bridging hydroxides (u,-OH) at the caps of the cage. All carbon atoms are
located in butyl chains, so that the carbon signal is mainly composed by the core
level electrons from sp’ orbitals. According to DFT calculations,” there are two
kinds of carbon atoms in the tin oxo cages structure. The binding energies of the
carbon atoms attached to the 6-coordinated tin atom are predicted to be clearly
lower than those of all other carbons in the molecule, which have similar binding
energies. Therefore, we assume that there are two types of carbon in TinOH in a
ratio of 6: 42. Using this assumption, the XPS spectra can be fitted as shown in Fig.
7.4c.
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Figure 7.4. Fitted Sn 3ds», O 1s, and C s spectra of unexposed TinOH (top) and
TinOH exposed to 10 min (middle) and 60 min (bottom) of EUV.

As shown in Fig. 7.4a, two sub-peaks contributing to the fitting represent two
chemical environments of tin atoms (5-coordinated Sn with high binding energy, 6-
coordinated with lower binding energy, according to DFT calculations).*® Upon
EUV exposure, the ratio of those components could change. However, we assume
that these peaks are representative for the chemical changes occurring in the
unexposed sample. Using this assumption, the spectra of the EUV exposed samples
were fitted using a fixed peak position and bandwidth, so that the fitting was only
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affecting the amplitudes. The spectral fits from all the samples were optimized
simultaneously. As we see in Fig. 7.4a, the Sn 3ds, peak corresponding to the
unexposed sample is centered at 486.5 eV. Upon increasing exposure time, the peak
shifts to lower binding energy (486.2 eV after 10 min) and shifts back to 486.5 eV
(after 60 min). The ratio of the two types of tin atoms changed, with the relative
number of atoms (12 in total) marked on the sub-peaks in fig. 7.4a. After 10 min
exposure, the higher binding energy sub-peak relatively decreased. After 60 min
exposure, the ratio of the two peaks is again close to the original ratio.

For the chemical environment of the oxygen atoms, similarly to the Sn 3ds), spectra
analysis, three sub-peaks are assigned to three chemical environments of oxygen
atoms (Fig. 7.4b) (Sn-O, Sn-OH and OH) in the original TinOH structure. After
exposure, there is no obvious shift in the position of the band maximum; the main O
1s peak is almost at the same position, centered at 530.3 eV. However, the shape of
the spectrum changes significantly, especially the shoulder around 532.0 eV. Upon
10 min EUV exposure, the sub-peak at the hydroxide counterions position increases,
while the Sn-OH sub-peak decreases. Upon increasing the exposure time to 60 min,
the components on the high-binding-energy side decreased again.

For the C 1s spectra, the component ratio changes in the spectra are in agreement
with the Sn 3ds, and O 1s spectra analysis. The sub-peaks shown represent the
carbon atoms from carbon connected with 6 coordinated Sn (6-Sn-C, green) or
carbon connected with 5 coordinated Sn (5-Sn-C) and C-C bonds (blue),
respectively, while the red sub-peak represents the carbon atoms from C-O bonds.
As shown in Fig. 7.4c, the C-O sub-peak appeared after 10 min of exposure and it
decreased again with the higher EUV dose. The O 1s peak from C-O bonds also
could be present at around 532.0 eV,3 ? which is almost the same position as the OH"
sub-peak. The changes of the sub-peak at 532.0 eV could due to the change of C-O
bond.

7.3.2 In-situ EUV exposure with detection of outgassing products

To further study which chemical species escape from the film upon exposure,
outgassing products were detected with a residual gas analyzer (RGA) using a resist
outgassing qualification system at IMEC. TinOH films were prepared on a 4-inch
silicon wafer and continuously exposed to EUV with 40 mJ cm™ while scanning a 5
x 5 cm” area under vacuum. A representative mass spectrum of outgassing products
in the m/z range 0 - 300 is shown in Fig. 7.5.
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Figure 7.5. Residual mass analyzer (RGA) mass spectrum of the TinOH thin film
under EUV exposure.

To analyze the spectra, we compare the peak with the model mass spectra from the
NIST database® where it was found that the outgassing products are likely to be
butane (58), butene (56), octane (114) and butanal (72). The mass peak at m/z = 207
could originate from the reagent BuSnOOH with molecule weight 208 from which
the tin cages are synthesized. It is unclear whether this compound is already present
in the fresh film as an impurity, or whether it is a product of decomposition of the
tin oxo cage during exposure.

7.3.3 Ex-situ EUV and XPS

In the in-situ XPS measurement, a photon energy of 650 eV was used for the
overview spectra, and the high-resolution spectra were measured with photon
energies that give electron kinetic energies near 100 eV. For photoelectrons in this
kinetic energy range the inelastic mean free path is around 1.5 nm.*’ Therefore, only
the very surface of the thin film can be analyzed. Considering the dose contrast
curve of TinOH under EUV in previous work (chapter 6),*' we choose 10 mJ cm™
(under exposed), 50 mJ cm™ (near dose-to-gel) and 250 mJ cm™ (overexposed) as
the doses for further experiments. Differently from the low dose XPS experiment,
where the sample was exposed and measured in the sample chamber under high
vacuum (in-situ), we did the exposure and characterization separately (ex-situ). The
sample was prepared and exposed at the XIL-II EUV lithography beamline and then
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transferred under ambient atmosphere to the Al Ka XPS setup, both at PSI. This
means that the sample had the chance to react with oxygen/water during transfer in
the atmosphere. In previous work, it was already shown that by adding a post
exposure bake step, the sensitivity of TinOH can be improved, probably by reaction
of the products of irradiation with O, or H,O in the atmosphere.31 Here we also
studied the effect of the PEB step, which supposedly accelerates the oxidation
process of the thin film on the exposed part. For comparison, a 225 nm DUV, 50 mJ
cm™ exposed sample was also measured by means of HAXPES.

Similarly to the in-situ experiment, the overview spectra, high-resolution Sn 3ds,, O
Is and C Is spectra were measured. Since the X-ray source is fixed at the energy of
Al Ko (1487 eV), all the spectra of the EUV exposed samples were recorded at this
photon energy. The inelastic mean free path of the electrons generated with a
photon energy of 1487 eV is around 3 nm. Therefore, electrons can be detected
from deeper sub-surface layers compared to the measurement with 650 eV or lower
photon energies. The DUV exposed sample was measured by means of HAXPES
with photon energy 2005 eV. Using the previously made assumption that no tin
atoms are lost during exposure, we calculated the area ratio of the different
elements from the overview spectra as shown in Table 7.2. Since the samples were
exposed to air, reaction with H,O and O, or carbon contamination is possible.

Table 7.2. The Sn, O and C atomic ratios calculated from the overview XPS spectra
of different TinOH samples.

TinOH Sn O C
Theoretical 12 22 48
unexp 12 22+1 48+2
EUV 10 mJ cm™ 12 2242 5243
EUV 50 mJ cm™ 12 2542 46+2
EUV 250 mJ cm™ 12 21+2  33£2
EUV 50 mJ cm™ PEB 12 20+2 4243
DUV 50 mJ cm™ 12 2242 41x2

Upon 10 mJ cm™ EUV exposure, the carbon ratio increased slightly, which could be
due to the carbon contamination during the transfer. Upon 50 mJ cm™ exposure, the
amount of carbon decreased, while the oxygen content increased. This could be due
to exposure to O,. Upon 250 mJ cm™ exposure, both the carbon and oxygen content
decreased. When a post-exposure baking step was added (100 °C, 2 min) after 50
mJ cm™ exposure, the oxygen number and carbon number slightly decreased. In the
case of 50 mJ cm™ DUV exposure, 3.5 x more carbon was lost than with 50 mJ cm™
EUV exposure. This number, however, is not very reliable because of the inherent
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errors in the numbers (see table 7.2) and the risk of some carbon contamination.
The overview spectra of the samples are shown in Fig. 7.6.
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Figure 7.6. PES of TinOH thin layer, unexposed, 10 mJ cm?, 50 mJ ecm™, 250 mJ
em™ EUV exposed, 50 mJ cm™ EUV exposure with PEB, and 50 mJ ¢cm”, DUV
exposure. All the spectra from EUV exposures were recorded with photon energy
1487 eV, while the DUV exposed sample was measured with photon energy 2005
ev.

High-resolution XPS spectra were also recorded for this ex-sifu experiment, as
shown in Fig. 7.7. Using the same assumptions, the high-resolution spectra of Sn
3dsp, O 1s and C 1s were fitted by the same method we used for the in-situ XPS in
Fig. 7.4. As shown in the Fig. 7.7a, the Sn 3ds, peak, instead of shifting to lower
binding energy, shifts from 486.8 eV (in the unexposed sample) to higher binding
energy, 487.0 eV (10 mJ cm™), 487.0 eV (50 mJ cm™) and 487.1 eV (250 mJ cm™).
When a PEB step is added after the 50 mJ cm” EUV exposure, the peak shifts back
to 487.9 eV. With 50 mJ cm™ DUV exposure, the peak also shifts to the same
direction to 486.9 eV. The two sub-peaks representing the 5-coordinated Sn (high
binding energy), 6-coordinated Sn (low binding energy) atoms were fitted into each
spectrum. The fitted ratio between the two types of Sn atoms is marked in Fig. 7.7a.
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Figure 7.7. Fitted Sn 3ds;, O s, and C Is spectra of TinOH unexposed, 10, 50 and
250 mJ ecm” EUV (92 eV) exposure, 50 mJ cm™ EUV exposure with a PEB step, and
50 mJ em” DUV exposure.

Using the same assumptions as before, three sub-peaks representing the oxygen
atom in Sn-O, Sn-OH and OH" were fitted into the spectra. The atomic ratios
calculated from the sub-peaks area ratio are marked on the spectra. Compared to the
O 1s spectra in Fig. 7.4b, all spectra in the Fig. 7.7b show a large shoulder at the
OH' range, which could be due to the exposure to air during transfer of the sample.
A clear shoulder shows up at the OH™ sub-peak position (532.4 eV) after a low dose
exposure. The reason could be the same as what we observed from Fig. 7.4, where
the butyl group connected on the neighboring oxygen atom, forming new C-O
bonds, which are located at similar binding energies as OH".>’ When the dose was
increased to 250 mJ cm'z, the OH" shoulder decreased a bit, but the Sn-OH sub-peak
increased slightly. With an additional PEB step on the 50 mJ cm™ exposed sample,
the ratio of the OH™ peak also decreased.

The C 1s spectra were also analyzed after the EUV exposure at the XIL-II
synchrotron station and transfer to the spectrometer. Compared to Fig. 7.4c, a larger
range was recorded. We found that there is an additional peak at 289.0 eV,
representing carbon from C=0. We also studied exposure to DUV (225 nm/5.5 eV,
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pulsed laser) and compared this to EUV exposure. It was found that the relative
amount of C=0 is less under DUV than under EUV exposure.

7.3.4 Ex-situ TOF-SIMS

Additionally, time-of-flight secondary ionization mass spectrometry (TOF-SIMS)
was used to characterize the EUV and DUV exposed films. This technique utilizes
30 kV ions (Bi3") colliding with the film, upon which the ions that come off the
surface are measured.** To compare the different chemical reaction mechanism of
TinOH thin film under DUV and EUV, three doses (20, 50, 125 mJ cm'z) were
chosen to expose the TinOH thin film. As an example, the spectra from the
unexposed, and 50 mJ cm™ DUV and EUV exposed samples are shown in Fig. 7.8.
For unexposed films, a tin cage ion having lost one butyl group, attached to a
hydroxide anion, at m/z~2397 was observed in greatest abundance. A small amount
of the intact parent ion ([M]') is detected at ~2436, while other fragmentation
products are also present, such as a tin cage which lost 2 butyl groups ([M-2Bu]"),
and the cage without 3 butyl groups but with an extra hydroxide group ([M-
3Bu+OH]"). Low mass fragments of the tin-oxide comprising variable elemental
formulas [M,+O,+H,] were also detected.
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Figure 7.8. ToF-SIMS spectra of fresh TinOH (blue) and TinOH exposed to 50
mJ/em’ DUV (225 nm) radiation and EUV radiation (13.5 nm). For comparison,
the mass spectrum corresponding to EUV-exposed sample was amplified 25 x while
for DUV-exposure it was amplified 100x.

By comparing the intensity decrease of the spectra at m/z~2394 (see Fig. 7.8), we
can compare the reaction yield. Even though ToF-SIMS is generally not regarded as
very quantitative™, this can give a reasonable estimation. The intensity of the
m/z~2394 in the unexposed sample is 1.5 x 10", It decreased upon exposure. The
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intact and near-intact tin oxo cage was observed in far lower abundance for the
exposed films relative to unexposed films. For EUV-exposed films, the near-intact
tin oxo cage signal could still be detected, but a signal for these species was
essentially absent in spectra of DUV-exposed films. Likely, these signals decreased
because of cross-linking of different tin oxo cages, leading to large fragments that
are outside the range of measurement of the ToF-SIMS instrument.

Weaker signals for bare tin or simple oxides (m/z 100-300) were found in all spectra
(see Fig. 7.9). These signals correspond to Sn,Oy fragments, which could be singly
or multiply protonated. Since these fragments can already be found in unexposed
films of TinOH, they are likely formed during the ToF-SIMS. Because the tin oxo
cage has an elaborate Sn-O-Sn network at its core, it can be imagined that
fragments from this network are extracted towards the detector.
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6x10°" — 50 mJ/em’ DUV
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?é‘
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. | +
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Figure 7.9. ToF-SIMS spectra in the lower mass range, recorded on a fresh TinOH
layer (black), a DUV-exposed layer (blue) and an EUV-exposed layer (red). The
spectra were normalized to the first peak (Sn;0:H").

For EUV exposed spectra, the peak position of these signals remained the same
compared to the unexposed film, while for the DUV exposed film a clear change to
higher m/z values was observed. This shift can be seen most clearly for Sn;O;H"
and SnsO,H". This shift equals an increase of about 16 m/z units. The most likely
explanation for this is that some of the tin oxo cages were oxidized upon or after
exposure in the open air. For example, the 5-coordinated Sn atom could oxidize,
creating an additional Sn-O bond. If Sn,O, fragments are cleaved (as a result of
incident Bi;" ions) after this oxidation has taken place, they may contain an
additional oxygen atom.

The ToF-SIMS results suggest that cross-linking occurs for films under both EUV
and DUV exposure, and that the reaction to DUV is more efficient than for EUV
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using the same energy dose. To quantify these changes, the remaining m/z 2200-
2450 intensity was compared with the unexposed sample, and the remaining
percentage was calculated and listed in Table 7.3. If we consider the converted tin
oxo cages as the reaction yield, DUV is more effective than EUV exposure. For
example, upon 20 mJ cm™ exposure there is more intact tin oxo cage structure
remaining in the EUV exposed sample. With 50 mJ cm™ DUV exposure, the tin oxo
cages seem already fully converted at the sample surface, while there is still around
2% of intact tin oxo cages remaining after EUV exposure.

Table 7.3. Percentage of the remaining m/z 2200-2450 after DUV/EUV exposure.

Exposure EUV % left DUV % left
dose

0 100 100

20 mJ cm™ 6.5 <0.13

50 mJ cm™ 1.9 <0.05
125mJem?  <0.07 <0.05

7.3.5 Chemical changes upon EUYV irradiation

Upon EUV exposure, the primary electrons come mainly from the valence band
(Exin> 80 eV) or from the Sn 4d band (Eyi,> 60 eV). The kinetic energies of more
than 60 eV are high enough for these electrons to further promote chemical
reactions in the thin film. In our previous work, using 225 nm DUV irradiation,
only a decrease in the amount of carbon was observed, which originates from Sn-C
bond cleavage (chapters 3 — 5).** When EUV is used, primary ionization occurs
from atomic and molecular orbitals on Sn, O and C (Fig. 7.10). We may expect,
however, that the initially formed ionized species thermalize rapidly, so that the
reactions mainly occur from the most stable radical cation, that is, with an electron
removed from the highest occupied molecular orbital. The secondary electrons can
be expected to ionize mainly the valence manifold, not the Sn 4d orbitals which are
shielded by the electron cloud of the molecule. Thus, the starting point is mostly the
same for primary and secondary reactions. The emitted electrons will deposit
energy in the film and thermalize. They will likely be trapped by tin cage molecules,
which, being doubly positively charged, have a high electron affinity. Since the
electron mean free path at the initial electron energies is small, the trapping will
occur relatively close to the site of origin. Subsequent electron-hole recombination
is a quite likely process, which reduces the overall efficiency of the photoreaction.
This could explain why the overall quantum yield for the cleavage of butyl groups
® ~ 0.55 (see below) is not high, despite the generation of multiple electrons per
photon.
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Based on the results from the various experiments, we propose the reaction
mechanism of TinOH under EUV as shown in Fig. 7.10. For the purpose of
illustration we use a simplified structure representing a fragment of the tin-oxo
cages. The primary reaction of the radical cation is the breaking of the Sn-C bond,
because the highest occupied MO, from which an electron is removed, has a strong
Osnc character. The butyl radical thus formed could transfer a hydrogen atom
producing butene, or react with an active hydrogen atom forming butane, or react
with another butyl radical to form octane or the disproportionation products butene
and butane. These products were all detected in the outgassing experiment (Fig. 7.5).

Differently from the UV photochemistry, in which a tin-centered radical remains
after homolytic cleavage of the Sn-C bond, the tin atom from which the butyl group
was lost now has a positive charge. The fate of this tricationic species is not known.
In any case it is not a stable molecule that would be detectable in the XPS spectra,
because the higher positive charge would lead to a clear increase of the binding
energies, which we do not observe. The trication could trap an electron, which
would lead again to the same chemistry as in the homolytic photochemical cleavage.
Another possible process is deprotonation from a w,-OH group, alleviating the high
positive charge on the cage. In this reaction, the difference between the different
counterions with different basicity, which was observed in chapter 5, could play a
role. We observe the formation of C-O bonds in the in-situ experiment (Fig. 7.4b),
which suggests a structural rearrangement in which a butyl group binds to an
oxygen atom. The mechanism for this is not known. A possible structure is shown
in Fig 4.7.
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Figure 7.10. Proposed reactions of TinOH thin film under EUV exposure.

7.3.6 Chemical changes in ex-sifu measurement.

The chemical reaction mechanism under EUV exposure should be the same,
regardless of irradiation source. In the ex-situ experiment, the sample had the
opportunity to react with water or oxygen in the atmosphere during transfer. The
direct evidence can be found in Fig. 7.7b, where the O 1s sub-peaks at OH/C-O
position from the exposed samples are increased significantly comparing with the
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sub-peak from the in-situ measurement in Fig. 7.4b, which is due to oxygen or
water absorbed in, or reacted with, the exposed thin films. As in DUV exposures,
oxidation-sensitive low-valent tin compounds or hydrides are probably formed also
after EUV irradiation. Upon increasing dose to 50 mJ cm™, the OH/C-O shoulder
increased, as well as the total amount of oxygen in the film. With the EUV dose
further increased to 250 mJ cm™, the exposed cages seem to form a more stable
structure than under 50 mJ cm™ exposure, which has less ability to react with or
absorb water or oxygen. When a PEB step is added to the 50 mJ cm™ EUV exposed
sample, the unstable species such as the reacted absorbed oxygen, or water can
detach from the thin film, which would explain that the oxygen atom number
decreases as shown in Table 7.2 and that the OH/C-O sub-peak also decreases.
With 50 mJ cm™ DUV exposure, the ratio of the OH/C-O sub-peak is also much
lower than for EUV exposure at the same dose. The clear C-O sub-peak at ~ 286 eV
and C=0 sub-peak at ~ 289 eV in 7.7c¢ indicate that some carbon atoms were
oxidized after exposure. It only showed up on exposed samples, and decreased with
increasing dose. They decreased when a baking step (PEB) was applied, which
indicates that this species is very sensitive to baking. Volatile products (e.g. butanal)
could further outgas during PEB, causing this decrease in C and O content.
Comparing with the Sn 3ds, peak from the unexposed sample, the spectra from all
the rest of the samples are shifted to the higher binding energy range, which
indicates that more electron withdrawing components are connected with the Sn
atom in the cages.

From the element ratio and component ratio in the XPS, we can compare the
reaction efficiency of tin oxo cages under EUV and DUV exposure at 50 mJ cm™
exposure dose. The DUV linear absorption coefficient was measured in Chapter 5,
and agrees well with the absorption coefficient in solution; the EUV linear
absorption efficient has been measured in previous work.’"”*' The same dose was
applied on thin films with the same thickness. The absorbed number of photons and
the chemical reaction yield are calculated and listed in Table 7.4. The photon
energy of DUV is 5.5 eV (225 nm) while EUV has a photon energy of 92 eV, which
is 17 times higher. The total absorbed number of DUV photons per molecule is
almost 22 times higher than for EUV. The reaction quantum yield can be defined in
different ways. In Chapter 3 we estimated the quantum yield for cleavage of butyl
chains from the loss of carbon, averaged over a high-dose exposure in air, as ® ~
0.015. If we apply the same definition here we note that 7 out of 48 carbon atoms
are lost for 20 DUV photons per molecule absorbed on average. This corresponds to
a photocleavage quantum yield of @ ~ 0.09 (Bu-group/photon). For EUV exposure
with the same dose, only 2 carbon atoms are lost, but the absorbed number of
photons is much smaller, resulting in ® ~ 0.55. When the PEB is added after the 50

mJ em? EUV exposure, the quantum yield is increased to @ ~ 1.7. The DUV
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photocleavage quantum yield found here is considerably higher than the value
reported in chapter 3. There we made a crude estimate based on a high conversion,
but in the present experiments we used a much smaller conversion, which is more
representative of the reactivity of the tin cage. Apparently, the reactivity decreases
as more and more butyl groups are lost.

Another way to define the quantum yield is in terms of the number of atoms that
undergo a change, as detected in the XPS high-resolution spectra. Then we count
the total change of the number of atoms in Sn-C and C-C bonds, and we find that
around 0.54 carbon atoms reacted per absorbed DUV photon, about 10.5 carbon
atoms reacted per absorbed EUV photon, and with a PEB step added after EUV
exposure, this number didn’t change. The photocleavage quantum yield is 0.09 for
DUV, which corresponds to 0.36 carbon atoms per photon, so there are 0.18 other
reactions per photon. Similarly, the butyl loss quantum yield is 0.55 for EUV,
corresponding to 2.2 carbon atoms per photon. Because the total conversion is 10.5
carbons/photon the remaining 8.3 carbon atom/photon are changed but not lost.
These are the carbon atoms forming C-O and C=0. When PEB is added, the butyl
loss quantum yield is increased to @ ~ 1.7, corresponding to 6.8 carbon atoms per
photon. The additional 4-carbon loss in the PEB step is mainly from the carbon
atoms that were oxidized after EUV exposure.

Table 7.4. With 50 mJ cm™ DUV and EUV exposure, the absorbed photon number
and the quantum yield of the TinOH thin film.

TinOH DUV EUV EUV +PEB
Abs coefficient (um™) 18.6 135 13.5
Abs photon/molecule 19.6  0.90 0.9
C change/abs photon 0.54 10.6 10.6
D jnotocleavage (Bu-group/photon)  0.09  0.55 1.7

7.4  Conclusions

The photoelectron spectrum of TinOH was recorded with different photon energies.
The Sn 4d electrons are a rich source of primary electrons in the Sn-containing
photoresists under 92 eV excitation. Comparing with 60, 120 and 150 eV, more
photoelectrons are generated at 92 eV photon energy.

High-resolution XPS spectra were measured for tin oxo cages which were exposed
to high-energy photons: in-situ (vacuum conditions) and ex-situ (92 eV photon
energy, followed by sample transfer under ambient atmosphere to the XPS
instrument). For the in-situ measurements, the oxygen content in the sample
decreased, while for the ex-sifu measurements such decrease was not found. This
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indicates that oxidation takes place upon bringing EUV-exposed tin oxo cage films
under ambient atmosphere. In both the in-sifu and ex-situ measurements, formation
of carbon-oxygen bonds (C-O) was detected. In the ex-sifu measurements, an
additional formation of C=0 was detected, as a result of reaction with water or
oxygen. The C-O/C=0 species were found to be very sensitive to a post-exposure
bake step.

In an outgassing analysis using a residual gas analyzer (RGA), the outgassing of the
carbonyl compound butanal was confirmed. Additional outgassing species included
butane, butene, octane and butylstannoic acid. It is unclear whether butylstannoic
acid was present in the film as an impurity, or whether it can be removed from the
tin oxo cage. This could be relevant because outgassing of metal-containing
compounds could lead to non-cleanable contamination on the optics of an EUV
36
scanner.

The chemical reaction quantum yields under DUV and EUV exposure were
calculated and compared at a dose of 50 mJ cm'z, which is close to the dose
required for maximum remaining film thickness after exposure, baking and
development. For UV excitation, ~0.09 butyl chains are cleaved per absorbed
photon. In terms of quantum yield, EUV excitation is more efficient, giving a loss
of ~0.55 butyl chains per photon, which can be increased to 1.7 when PEB is added.
This increase is mainly from the cleavage of the EUV irradication induced species.
Per unit energy dose, however, DUV is more efficient. Additional photoreactions
are observed upon EUV exposure, however, which increase the total quantum
efficiency. Chemical reaction mechanisms were proposed, in which Sn-C bond
cleavage is an essential first step. Enabling easier Sn-C cleavage, for instance by
using tin oxo cages with different attached organic groups, may improve the
sensitivity and resolution of the tin oxo cages.
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Chapter 8

Dual-tone application of a tin
0x0 cage photoresist under e-

beam and EUV exposure”

We report on the dual-tone property of the tin oxo cage [(BuSn);;014(OH)s]OH,
photoresist. After exposing the resist film to a low dose extreme ultraviolet
radiation or electron beam, applying a post exposure bake step and development
with isopropanol/H,O (2:1), a positive tone image is observed. The previously
observed negative tone is found at higher doses. Atomic force microscopy and
scanning electron microscopy were used to characterize the topography of the
patterns. X-ray photoelectron spectroscopy was used to elucidate the chemical
changes of the tin-oxo cages under different conditions. The photoresist, which has
dual-tone property, paves the way to fabricate sophisticated structures in a single
photoresist layer or may lead to metal containing resists with improved sensitivity.

* This chapter was published in: Y. Zhang, J. Haitjema, M. Baljozovic, M. Vockenhuber, D.
Kazazis, T. A. Jung, Y. Ekinci and A. M. Brouwer, "Dual-tone Application of a Tin-Oxo
Cage Photoresist Under E-beam and EUV Exposure", J. Photopolym. Sci. Technol., 2018,
31, 249-255.
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8.1 Introduction

Photoresist performance plays a key role in high-resolution photolithography and
must be adapted to the continuously decreased wavelength of the light source in
lithography tools. Chemically-amplified photoresists are widely used in ultraviolet
(UV) and deep wavelength ultraviolet (deep UV, DUV) technology."* With the
increasing requirements on photoresist performance, such as resolution, sensitivity
and line edge roughness, inorganic molecular photoresists, especially metal
containing photoresists, have attracted attention due to their small molecular size,
strong etching resistance and high absorption cross-section at the extreme
ultraviolet (EUV) wavelength of 13.5 nm.*”’

Tin-oxo cages are known to work as negative tone photoresists under EUV and
DUV exposure and in electron beam lithography. They are highly sensitive and
potentially give high resolution due to their high EUV absorption cross-section and
small molecular size.**'° To realize a negative tone pattern, a 30 mJ cm™ EUV
dose, a post exposure bake (PEB) step (~100°C for 2 min) and a development step

(2:1 IPA/H,0 for 30 s) are needed.*®

Dual-tone properties of photoresists have been reported in recent years.'™'

Switching between positive and negative tone patterns is usually achieved by
changing developer.™'" " In the present work, a dual-tone patterning is realized by
performing the PEB step at an elevated temperature (150°C for 2 min) after EUV or
e-beam exposure and before development (2:1 IPA/H,O for 30 s). At low doses, a
positive tone is achieved, while higher doses result in a negative tone pattern. The
dual-tone property of the tin-oxo cage photoresist in principle gives the possibility

to fabricate positive and negative tone structures in a single step.

Figure 8.1. The chemical structure of the tin-oxo cage with hydroxides as
counterions (TinOH).
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8.2 Materials and Methods

8.2.1 Materials

The tin-oxo cages with hydroxide as counterion [(BuSn);;014(OH)s]OH,
abbreviated here as TinOH was synthesized according to the literature.* '’ The
compound was dissolved in toluene (~10 mg mL™" for patterning and 2 mg mL™ for
XPS ) and the solution was filtered through a 0.2 um PTFE filter before spin-
coating. The solutions were spin-coated (700 rpm s acceleration, 2500 rpm for 35
s) on different substrates (pre-cleaned and HDMS-treated Si for patterning, 20 nm
Au coated glass for XPS) to give 20 = 2 nm thin films for patterning and 5 + 2 nm
thin films for XPS. Post application bake (PAB) (90 °C, 1 min) was applied to
remove residual solvent. After exposure, the samples were baked at 150 °C for 2
min, developed in a 2:1 isopropanol/H,O mixture for 30 s, rinsed with water for 30
s, blown dry with N,, and finally baked (hard bake; HAB) at 150 °C for 1 min to
further remove residual solvent.

8.2.2 Exposure

E-beam lithography was performed using a Raith e-line lithography system (30
keV, 32 pA). EUV (13.5 nm, 92 eV) interference lithography was performed at the
XIL-II beamline of the Swiss Light Source, the synchrotron light source at the Paul
Scherrer Institute (PSI).

8.2.3 Characterization

Atomic force microscopy (AFM, Bruker Dimension Icon) was used to check the
film thickness and the topography of the exposed pattern. Scanning electron
microscopy (SEM) images were recorded using the FEI Verios 460. X-ray
photoelectron spectroscopy (XPS) using a SPECS analyzer Phoibos 150, with a
monochromatic Al Ka source (1486.6 eV, power 200 W) was used to characterize
the chemical changes of the resist thin film under different conditions.
Thermogravimetric analysis (TGA) was performed with a NETZSCH STA 449 F3
Jupiter equipped with automatic sample changer.

8.3 Result and Discussion

8.3.1 Topography characterization

The tin-oxo cage with hydroxide counterions (TinOH, see Fig. 8.1) was used as a
model photoresist. The photoresist solution was spin-coated on Si wafers and
exposed to EUV or e-beam.
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Figure 8.2. AFM images of tin-oxo cage photoresist patterned using e-beam
lithography performed with different doses, a) 50 uC cm?, b) 100 uC cm™, ¢) 400
uC em? d) 600 uC cm™, e) 1000 uC cm™, f) 1000 uC cm”, g) Cross section of
positive tone pattern in a; h) Cross section of negative tone pattern in f.

E-beam lithography was used to write 1 um line/space patterns on the tin-oxo cage
layer. After exposing the thin layer to different e-beam doses and applying PEB,
development, rinse and HAB, the topography of the patterns was studied using
AFM. Different tone patterns were observed on the same sample, as depicted in Fig.
8.2. The exposed part was removed in the first pattern in Fig. 8.2a, giving the
positive tone pattern at a dose of 50 uC cm™ With 100 uC cm™ (Fig. 8.2b), the
exposed part was partly removed, making it difficult to distinguish the exposed and
unexposed areas. When the dose was increased to 400 pC cm™ (Fig. 8.2¢) and 600
nC cm? (Fig. 8.2d), the negative tone pattern started to grow. At 1000 pC cm™ (Fig.
8.2e and 8.2f), the exposed part is clearly negative tone. The edge of the high dose
exposed part, however, was removed by the developer, and it thus shows a positive
tone behavior. The spaces between the exposed lines were totally cleared. The
phenomenon can be explained as a result of the proximity effect in e-beam
lithography.'® The high-energy primary electrons can interact with the resist layer or
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further below at the interface of the resist and the substrate where low energy
electrons are generated that diffuse to the unexposed areas. For this reason, the edge
of the high dose exposed pattern behaves like the low dose exposed material, and
gives rise to a positive tone. The higher the dose, the stronger the proximity effect
will be. When the sample was exposed to 400 pC cm™ and 600 pC cm™ dose,
respectively, the low energy electrons generated by the proximity effect are
insufficient to convert the edge part. With a higher dose of 1000 pC cm?, the
proximity effect is quite strong. Not only were the spaces between the exposed lines
cleared, but also the area at the edge of the pattern was cleared. The different tones
in the different images are clearly seen in the “1 um” marker at the top of each
image.

Cross sections of the patterns in Figs. 8.2a and 8.2f are displayed in Figs. 8.2g and
8.2h. The original film thickness was 20 + 2 nm. As we can observe from Fig. 8.2e,
after all the processing the unexposed part left a ~7 nm thick film, and the 50 uC
cm™ exposed part was totally removed. In Fig. 8.2f, the film thickness of the 1000
nC em™ exposed part is 14 nm. The space between the exposed parts and the edge
part of the pattern was cleaned. The area far away from the positive tone edge part
of the pattern still exhibits a 7 nm thick film after the completed process. The width
of the positive tone edge of the pattern (around 4.5 um) could correspond to the
diffusion length of the electron generated from proximity effect at the interface
below the resist layer."”

100 uC cm? 400 uC cm

600 uC/cm2 1000 uC/cm

Figure 8.3. SEM images of tin-oxo cage photoresist TinOH patterned using e-beam
lithography with different doses, a) 50 uC em™, b) 100 uC cm™, ¢) 400 uC cm™, d)
600 uC cm™, e) 1000 uC cm™, f) 1000 uC em™, followed by PEB at 150°C for 2 min,
development with 2:1 IPA/H,0 for 30 s, rinse with water for 10 s and HAB.
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SEM was also used to characterize the same e-beam exposed pattern. Since we
observed (Fig. 8.2a) that the exposed part responds with a positive tone, the bright
lines in Fig. 8.3a represent the positive tone pattern. With the dose increasing from
50 to 1000 uC cm™, the negative tone pattern starts and the edge effect also
becomes obvious. The signal intensity cannot be used to distinguish the tone
properties in these SEM images. AFM is a more appropriate technique to
characterize the tone property.

The dual-tone phenomenon was also observed when the tin-oxo cage film was
exposed to EUV. AFM and SEM were used to characterize the patterns from the
EUV exposure. With the dose increasing from 3.6 to 53.5 mJ cm™, the positive tone
first starts to show and then converts to negative tone pattern as shown in Figs. 8.4a
to f.

15 nm

0nm

PRGAN I 19 nm
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Figure 8.4. AFM images of tin oxo cage photoresist patterned by EUV lithography
(100 nm pitch) performed with different doses, a) 1 mJ cm™, b) 2 mJ em™, ¢) 3.6 mJ
em™ d) 19.5 mJ em?, e) 29.5 mJ cm'z,ﬂ 53.5mJ em™.

We present the edges of the patterns from two exposure doses here (3.6 mJ cm?,
53.5 mJ cm™) in Fig. 8.5. The SEM images of 3.6 mJ cm™ EUV exposed 100 nm
pitch pattern is displayed in Fig. 8.5a, the AFM image is in Fig. 8.5b, and a cross
section of Fig. 8.5b is displayed in Fig. 8.5c.

A clear positive tone pattern is observed in Fig. 8.5b. The depth of the positive tone
pattern is around 7 nm, similarly to the result observed from the e-beam exposure.
The remaining film thickness is also around 7 nm. Towards the edge of the pattern,
the depth of the exposed line becomes lower because of the even lower dose of
EUV at the edge part. The SEM and AFM results for a dose of 53.5 mJ cm™ are
presented in Figs. 8.5d, e and f. At this exposure the negative tone pattern starts to
grow, while positive tone response was observed at the edge part of the pattern. The
dose at the edge part is high enough to generate a positive tone, but the interference
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line cannot be observed any more. The remaining thickness of the unexposed area is
around 6 nm. Above all, the dual-tone property of the TinOH can be observed both
under EUV and E-beam exposure.

¥ 20 nm
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Figure 8.5. a) SEM images of 3.6 mJ cm™ EUV dose patterned tin oxo cage thin
film, b) AFM images of 3.6 mJ cm™ EUV dose patterned tin oxo cage thin film, c)
Cross section of image in b; d) SEM images of 53.5 mJ ecm™ EUV dose patterned tin
oxo cage thin film, e) AFM images of 53.5 mJ cm™ EUV dose patterned tin oxo cage
thin film, f) Cross section of image in e.

The curves of remaining film thickness of TinOH as a function of EUV and e-beam
dose are shown in Fig. 8.6. After performing PEB at 150°C for 2 min and
development (2:1 IPA/H,0O for 30 s), the unexposed part has ~40% film thickness
remaining. For the e-beam exposed sample, when the film was exposed to 50 - 200
uC cm? the film was totally cleaned. From 500 to 1300 uC cm™, there is a flat
zone. With dose increasing from 1300 to 2000 pC cm™, the remaining film
thickness increased. When the dose was increased above 2000 pC cm'z, the film
thickness decreased again due to the loss of more and more of the butyl groups,
leading to densification of the materials. For the EUV exposed sample, the change
of the film thickness shows a similar tendency. At the first stage (dose below 2 mJ
cm?), the film thickness decreased with increase of the dose. As the dose was
further increased, the remaining film thickness increased after overcoming a flat
zone (dose 3 to 6 mJ cm™). The negative tone reaches a maximum when the dose
reaches to 10 mJ cm™. The film thickness decreased slightly when higher dose was
applied due to the densification of the materials similarly to the e-beam result. The
plots of film thickness vs. dose again illustrate the dual-tone property of TinOH.
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Figure 8.6. Remaining layer thickness of TinOH films after EUV or e-beam
exposure with post exposure bake (150°C for 2 min) and development in 2:1
IPA/H,0 for 30 s. Dashed line represents the thickness of remaining unexposed
part. The initial layer thickness was ~20 nm.

8.3.2 XPS characterization

The phenomenon of the dual tone pattern has been described above. The
mechanism behind this phenomenon, however, is unknown. XPS was used in an
attempt to characterize chemical changes in the EUV exposed tin-oxo cage thin
films, and TGA was used to investigate the thermal stability of the material.

Several samples (Table 8.1) were produced with different exposure and baking
conditions on Au coated glass substrates for XPS analysis. The overview spectra of
the samples are shown in Fig. 8.7. All the relevant elements present in the
composition of the material are observed in the spectra as Sn 3ds;, and Sn 3dsp,, C 1s,
and O 1s peaks.

Additionally, in some cases Au 4f peaks are visible, originating from the gold
substrate below the thin photoresist layers. Since the area of each element’s peaks is
related to the atomic concentration of the element in the thin film, the relative
atomic composition of the samples could be calculated, and the results are listed in
Table 8.1.
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Figure 8.7. Overview spectra of unexposed, 10 mJ cm™, and 250 mJ cm™ exposed
TinOH thin layer sample, and another set of samples that were prepared in the
same way but were subjected to post exposure bake at 150°C for 2 min.

Table 8.1. Normalized relative atomic concentration of elements present in different

tin-oxo cage samples calculated from spectra shown in Fig. 8.7.

Atomic. Sn O C

Theoretical 12 22 48

Unexposed 12 22+1 48+2
150°C 12 18+1 5042
10 mJ ecm™ 12 22+1 5042
10 mJ em™ 150°C 12 22+1 48+2
250 mJ em™ 12 22+1 3342
250 mJ em? 150°C 12 24+1 3442

In Table 8.1, all the elemental ratios are normalized to Sn. The elemental ratio of
the unexposed sample agrees well with the theoretical ratio calculated from the
molecular structure of the material. If there is no PEB at 150°C the unexposed layer
can be removed by the 2:1 IPA/H,O developer.® When the unexposed thin film was
baked at 150°C for 2 min, a small loss of oxygen was observed. For the 10 mJ cm™
EUV exposed samples, the element ratio stayed the same as in the original film
irrespective of whether the baking step was performed. For the 250 mJ cm™ EUV
exposed thin films, a substantial fraction of carbon was lost while the oxygen
content gained possibly by oxidation after baking at 150°C. The loss of carbon is
caused by the breaking of Sn-C bonds upon photoactivation.”® As observed before,
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the film becomes insoluble in the developer at this stage of exposure and forms a
negative tone pattern. PEB is not even needed although it helps to increase the
sensitivity.®
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Figure 8.8. TGA analysis of the TinOH powder. Weight vs. temperature (increase
ca. 60 °C min™) (black), mass spectral traces corresponding to loss of water, butene
and butane (green, blue and red).

A thermogravimetric analysis (TGA) was performed on the original tin-oxo cage
material in the powder form. Mass spectrometry was used to characterize the
fragments lost during progressive heating. As shown in Fig. 8.8, there is no obvious
mass loss below 130 °C. A loss of H,O was observed between 130 to 200 °C. The
theoretical decrease in mass for loss of two H,O molecules would be 1.5%. In Fig.
8.8, the mass loss at 150 °C is 1%, indicating the materials could lose more than one
H,0 molecule per molecule / unit [(BuSn);,0,4(OH)s](OH),, which is enough to
lead to the solubility change. This result also corresponds well to the O loss
observed in the XPS data of the unexposed sample after baking at 150 °C. Both
these results indicate that the tin cage with the hydroxide counterion may be
inherently unstable. In molecular quantum chemistry calculations we observed that
the OH" ion can easily attack the tin cage as a nucleophile, and it can also act as a
base and deprotonate a bridging OH group.”’ Hydrogen bonding by a few water
molecules can “tame” the reactive OH ion. We hypothesize that loss of such
solvent-water molecules and the further loss of water due to deprotonation
destabilize the cage structure, making it prone to undergo ring opening and
condensation reactions with neighboring cages. We also observe loss of butane and
butane in the TGA experiment, but this requires temperatures > 200°C. The results
of our multi-technique analysis provide a tentative explanation for the reduced
solubility of the unexposed materials after a PEB step at 150°C for 2 min. Low dose
irradiation with EUV photons or electrons probably also leads to Sn-C bond
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cleavage, but the chemical conversions are probably too small to be detectable in
our XPS analysis. The small conversion, however, is sufficient to change the
properties of the film. This makes it less sensitive to PEB, allowing the positive
tone development. PMMA shows a similar tone switch in e-beam exposure, which
is readily understood as a result of initial chain shortening (increasing solubility)
followed by cross-linking (decreasing solubility).'® In our materials, the explanation
is still unknown. The molecular-level details of this conversion process remain to be
investigated in future depth.

8.4 Conclusions

Dual-tone patterns can be realized by using tin-oxo cages as a photoresist for EUV
and e-beam exposures. Upon baking the unexposed TinOH film at ~150°C, the
solubility decreased. Considering the TGA results, we relate this to the water loss
occurring at this temperature. In low-dose exposed regions of the same sample,
however, the exposed part can still be dissolved after baking. Thus, the exposure
changes the sensitivity of the material to heating. The chemical changes, which are
decisive for this transition, are below or close to the limit of detection of our XPS
analysis of a few percent. This indicates that the chemical modification of only a
small number of the many atoms contained in the tin-oxo cages can already modify
the development behavior of this resist material. Upon application of high doses of
photons or electrons, in contrast, a substantial loss of carbon occurs, readily
detectable by means of XPS, and the exposed part cannot be dissolved in the same
developer. The unexposed part can still be dissolved, provided that the baking
temperature is not too high. In this way, the same film can be used to generate a
positive or negative tone photoresist with the same developer.
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Chapter 9

Low-valent Tin Carboxylates as
Photoresists”

The interaction of two tin(Il) carboxylate compounds, tin(Il) 2-ethylhexanoate
(Sn[O,CCH(C,H5)(C4Hy)]) and tin (II) acetate (Sn(O,CCHjs),), with ultraviolet and
extreme ultraviolet radiation was investigated. Both compounds are sensitive to
these types of radiation, and can form insoluble films after light exposure. Resolved
line patterns, however, could not be obtained. Investigation of the thin films using
IR and XPS spectroscopies indicated that the materials undergo chemical changes
during the spin coating process, which adversely affect the solubility. Further
processing optimization will be needed before materials of this type can be useful as
photoresists.

% We thank Maarten van der Geest and Zhichao Liu for their contributions to this work.
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9.1 Introduction

Metal-containing photoresists have become a popular research subject for EUV
photolithography due to their high EUV absorption cross-section and potentially
high etch resistance.” > Among all the metal containing photoresists, the tin-
containing photoresists have attracted the attention from Inpria, Brainard’s group,
Herman’s group, and our own group.”' The first organotin molecules introduced as

6, 12

photoresist by Brainard’s group are the tin oxo cages. The patterning

performance of these materials was well investigated by Brainard’s group and our

6,13, 14 . : .
group.” ~ " In our previous work, we focused attention on the chemical changes

inside the tin oxo cages molecules.'” ' Instead of these complex organotin
molecules, we here consider the possibility to use smaller tin containing molecules
as photoresist. Brainard’s group also investigated dialkyltin(IV) dicarboxylates
R,Sn(O,CR"),, which are smaller than tin oxo cages.12 The influences of the R' and
R groups on the pattern performance were investigated. Their results indicated the
sensitivity of the R,Sn(O,CR'), type of photoresists showed stronger correlation
with the R groups than R' groups upon EUV exposure, especially the stability of the
R radical. But when the R group is fixed, the higher the molecule weight of the R’
group, the lower the sensitivity of the photoresist, except the alkene containing
compounds.” Their sensitivity and high-resolution pattern ability under EUV
exposure have been proven.’

Since it is known that ethylhexanoates of several low-valent metals (such as Sn, Zr,
Hf, Ti and Sr, etc.) react under UV light,15 2% we wondered if Sn(OOCR), molecules
would be suitable as EUV photoresists. The tin(II) 2-ethylhexanoate
(Sn[O,CCH(C,Hs5)(C4Hy)]) (SnE) and tin (II) acetate (Sn(O,CCH;),) SnA
molecules were chosen as our research items. The bond between the carboxylate
group and the metal can break upon UV exposure. The 2-ethylhexanoate radical can
decarboxylate and generate CO, and heptyl radical." ** From a mechanistic
perspective, the chemistry is different from that of organotin compounds because
there is no Sn-C bond to be broken. The acetate was considered because it contains
a smaller organic fraction, so that photoconversion of the film will lead to smaller
shrinkage.

The EUV linear absorption coefficient o can be calculated based on absorption
cross sections in the literature’ and the densities of the materials.”' The calculated
EUYV linear absorption coefficient for SnE o = 6.9 Mm'l, and for SnA a= 17.5 ptm'l.
For tin oxo cage with hydroxide as counterions o = 13.5 um™.*' Thus, SnA due to
its small organic fraction could potentially give even higher EUV absorption than
tin oxo cages.
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The thin film preparation conditions, pattern performances, development conditions
and the chemical changes upon exposure inside the thin film were investigated. We
obtained the dose contrast curves of the two materials under DUV and EUV
irradiation. IR and XPS were used to characterize the chemical changes in the two
molecules upon exposure. These two molecules have potential to be used as EUV
photoresists, but several questions concerning their stability and processing
conditions need further attention.

9.2 Experimental details

Both tin (II) 2-ethylhexanoate (SnE) and tin (II) acetate (SnA) are commercially
available from Sigma-Aldrich. SnE is a viscous liquid (melting point < 0°C), and
SnA is a white powder. To make use of the two molecules as photoresist they need
to be prepared as thin film on substrates. SnE (20 uL) was dissolved in 1 mL
hexane and filtered through a 0.25 um PTFE filter right before spin-coating. It was
spin-coated with 2500 rpm for 30 s into 40-50 nm films on single side polished Si
substrate (for lithography purpose), on double side polished Si (for FTIR), on Au
coated single side polished Si substrate (for XPS), and on quartz substrate (for UV-
vis spectroscopy). SnA (30 mg) was dissolved in 1 mL dry ethanol with sonication
for 5 min and filtered through a 0.25 um PTFE filter right before spin-coating.
Similarly, the SnA solution is spin coated into 20-30 nm films on different
substrates for different experiments as mentioned.

The thin films prepared on the Si wafer were exposed to 225 nm deep UV (DUV)
and 13.5 nm extreme UV (EUV). The DUV exposure was performed at ARCNL
using a deep UV light source (an Energetiqs EQ-99X Laser Driven Light Source
System with a TRIAX190 monochromator). The EUV exposure was performed at
the XIL-II beamline of Swiss Light Source (SLS).

UV-Vis absorption spectra of the thin films of SnA an SnE on quartz substrates
were measured in transmission mode using a Shimadzu UV-2600 spectrometer.
FTIR spectroscopy (Bruker Vertex 80v spectrometer) was used to measure the thin
photoresist film prepared on the double side polished Si wafer in transmission mode
under vacuum. Attenuated total reflectance (ATR) was measured on the Bruker
ALPHA-P compact FTIR spectrometer. X-ray photoelectron spectroscopy (Al Ko
based X-ray source) was used to characterize the photoresist film prepared on Au-
Cr coated Si substrate. A Bruker Dimension Icon was used for Atomic force
microscopy (AFM). The scanning electron microscopy (SEM) was performed using
an FEI Verios 460 with a voltage of 1 kV. Thermal gravimetric analysis (TGA) and
Differential Scanning Calorimeter (DSC) were performed with a NETZSCH STA
449 F3 Jupiter equipped with automatic sample changer.
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9.3 Result and Discussion

9.3.1 Sensitivity of SnE and SnA

The UV-vis absorption spectra of SnE and SnA thin films are shown in Fig. 9.1. It
is observed that both of the two compounds give their maximum absorption around
225 nm. Thus, 225 nm is a suitable wavelength to expose the two molecules. The
film thicknesses were assumed to be the same regardless of the different substrates,
and the linear absorption coefficients of SnE and SnA were estimated as 7.5 and
14.2 um™ at 225 nm.
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Figure 9.1. UV absorption spectra of SnE thin film (a) and SnA thin film (b).

After the two organotin molecules (SnA and SnE) were prepared into thin films on
the Si wafers, we used 225 nm deep ultraviolet exposure and 13.5 nm (92 eV)
extreme ultraviolet exposure to test their responses. The contrast curve of DUV
exposed SnE gives a good indication of its sensitivity. A 50 nm film of SnE was
prepared on a Si wafer and exposed to DUV with a series of doses (from 10 to 2000
mJ cm™) under ambient conditions. After exposure, different developing conditions
were tested. At the beginning, the original solvent hexane used for spin-coating was
tested as developer, which is a non-polar solvent, but the thin film could not be re-
dissolved. In addition, we tried the polar solvents isopropanol and acetone, but
neither of them can totally dissolve the unexposed/exposed part of the thin films.
Finally, we found out the development condition as 0.0125% TMAH solution for
30 s followed by rinsing with water for 10 s. After development, the remaining film
thickness was measured using AFM. The result is shown in Fig. 9.2.

Unexpectedly, there is still 14 nm film remaining at the unexposed part after
development. From the dose contrast in Fig. 9.2, we can see there are three stages.
At the first stage (below 100 mJ cm™), the remaining film thickness increases with
the dose increasing but the film totally dissolved above 100 mJ cm™. It shows
negative tone property at the first stage. At the second stage, from 100 to 600 mJ
cm™, the thin film was totally removed and it showed as positive tone pattern. With
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the dose continuously increasing to above 600 mJ cm™, it comes to the third stage in
which the film thickness increased again and remained at the same thickness up to
2000 mJ cm™. The three stages could correspond to three kinds of products in the
thin films, which have different solubility. With the ratio of those three products
changing, the solubility of the thin films was changed as three stages. Comparing
with the tone inversion controlled by playing with different PEB temperatures in
chapter 8, this work realizes dual tone pattern by using SnE in another way.

504 = = = = —mm - - - - e e e m e m—————— oo
E
= —e
@
Q —@— Remaining FT at exp part
s 47\ Remaining FT at unexp part
S = — Original FT
£
i E L R Y R e e L e P L L L LT LR PEE
0__|--"|""|""|""|
0 500 1000 1500 2000

DUV dose ( mJ cm )

Figure 9.2. Remaining film thickness of exposed areas on SnE after development as
a function of doses. The initial film thickness (50 nm) and the film thickness of the
unexposed part after development (14 nm) are marked in the figure.

In addition to the DUV exposure, EUV exposure was also performed on the SnE
photoresist. Since the EUV needs to be performed under high vacuum, a prebake
step in the ambient atmosphere with 100 °C 2 min was applied to get rid of the
residual solvent before they were transferred into the exposure chamber. After
baking, the SnE thin film change from the original viscous oil into solid, which
indicated a certain extent of chemical changes. After exposure, the thin film was
developed at the same condition, where the sample was dipped in 0.0125% TMAH
solution for 30 s and rinsed with water for 10 s. The developed sample was also
characterized by AFM. As shown in Fig. 9.3, there was still around 80% of film
thickness remaining at the unexposed part, which is around 40 nm. This thick
remaining film at the unexposed part makes the whole pattern show as positive
tone. Similar with the DUV dose contrast curve, this material seems to present three
stages in the EUV dose contrast curve. But unfortunately, a layer of the material
remains even for the dose giving the thinnest film after development at around 124
mJ cm™. The developing condition still needs to be optimized.
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Figure 9.3. Remaining film thickness of exposed areas of SnE after development as
a function of doses. The initial film thickness (50 nm), and the remaining film
thickness of the unexposed area after development (40 nm) are also marked in the

figure.
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Figure 9.4. Deep UV irradiation of SnA. Remaining film thickness of exposed areas
after development as a function of doses. The initial film thickness (22 nm), and the
two exposed samples developed with different KOH solutions are shown.

Similarly, the performance of SnA was tested under DUV/EUV exposure. The
carbon chain in the SnA is much smaller than that of SnE. For the DUV exposed
sample, instead of TMAH solution, another alkaline solution was used as developer,
which is KOH solution. By using different concentrations of KOH solution
combining with different development time (15 s in 0.2% KOH solution or 30 s in
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0.1% KOH solution), the dose contrast curve was achieved by measuring the
remaining film thickness after developing as shown in Fig. 9.4. Clearly, a negative
tone dose contrast curve is observed. At 30 s in 0.1% KOH solution developing
condition, the thin film already converted to insoluble at ~14 mJ cm™ We can
conclude that the dose contrast curve is very sensitive to the developing condition,
suggesting that the sensitivity of the SnA can be further improved.
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Figure 9.5. Comparison between (a) the TGA of SnA as reported in reference > and
(b) the TGA and DSC result of SnA powder from our measurement.

A PAB step is also needed for SnA films to get rid of the residual solvent. The
thermal stability of the SnA was tested. As it is shown in Fig. 9.5a, the TGA results
of SnA from the literature,” mass loss of SnA powder starts at around 65 °C. A
different TGA curve was obtained in N,-20%0, atmosphere on the SnA powder by
us as shown in Fig. 9.5b. In our curve the mass starts to drop at around 150 °C,
which corresponds with the vaporizing temperature (140 — 160 °C) presented by
Maruyama et al.”® The mass loss is associated to an exothermic process, according
to the DSC curve in Fig. 9.5b. At the end of the TGA, less material than expected
remained (experimental, around 21%; calculated for total conversion to SnO, 57%;
for total convertsion to SnO,, 66% ). It seems likely that the SnA is partly vaporized
and partly decomposed above 150 °C.** The differences in the TGA curves could be
explained by the different amounts of material used for each experiment (0.3 mg for
the experiment in Fig 9.5a, 6.3 mg for the experiment in Fig. 9.5b). A similar
phenomenon was observed by Seki et al.”? on (C4Ho),Sn(CH;COO0),, where the
starting materials could affect the thermal behavior of the sample. The smaller the
amount of starting materials was heated, the less mass loss was observed in the end
of heating. The reason could be that the smaller amount of tin-containing materials
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can be easier to fully oxidize into SnO/SnO,. When larger amounts of materials
were used, they can vaporize more before fully oxidizing.
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Figure 9.6. EUV exposure of SnA. The initial film thickness (30 nm) and the
remaining layer thickness of exposed areas after development as a function of dose.

Then the SnA was exposed to EUV with a PAB step (100 °C, 2 min). After testing
different developers, the EUV exposed sample was developed in 12% TMAH for
10 s and rinsed with water for 10 s. The remaining film thickness was characterized
with AFM. The dose contrast curve is obtained as shown in Fig. 9.6. Apparently, it
also shows negative tone property.

The results show that both SnA and SnE are sensitive to EUV. The two molecules
were tested with EUV interference lithography to see if they can achieve high-
resolution patterns. So far, unfortunately, neither of them gave the expected patterns.
After development, the EUV interference lithography patterned SnE thin film under
optical microscopy is shown in Fig. 9.7.

The bright parts are the 0™ order exposed parts, and they were totally removed by
the developer. The interference patterns are located as the darker area in the middle
of the two 0™ order exposed parts. But with the dose increasing, the interference-
patterned part was either remained (20 mJ cm™) as a whole piece or removed (84
mJ cm?) as a whole piece after development. When the interference pattern part
was characterized with AFM, there was no line structure at all.
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Figure 9.7. The developed SnE pattern from EUV interference lithography
observed under optical microscopy. The bright areas are the 0" order exposed
parts (see Fig 2.3 in chapter 2), and in between each pair of bright areas is the
location of the interference pattern. The grey part is the unexposed area.

Figure 9.8. SEM image of developed SnA sample with around 80 mJ cm™.

Similarly, the SnA sample was exposed to EUV interference. After development,
SEM was used to characterize the SnA sample as shown in Fig. 9.8. The whiter part
is the exposed part, and the 50 nm half pitch interference pattern should locate at
the middle rectangle exposed part. The red square part in Fig. 9.8a was zoomed into
Fig. 9.8b, there are not any line structures. Definitely, both SnA and SnE are
sensitive to DUV and EUV exposure, but the development conditions need to be
optimized to emphasize the solubility difference between the exposed and
unexposed parts and achieve high-resolution patterns. Also, the adhesion to the
underlayer needs attention.

9.3.2 IR spectroscopy of SnA and SnE

The IR spectrum of the pristine SnE, which is a highly viscous liquid, was
measured using ATR-FTIR and used as a reference spectrum for the rest of FTIR
measurements. The samples were spin coated as thin films on double side polished
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Si substrates and measured in transmittance mode. The IR spectra of different
unexposed samples are shown in Fig. 9.9. There is free 2-ethyhexanoic acid as
indicated by the COOH stretching at around 1707 cm™ and the O-H stretching at
around 3000 cm™' in the spectrum (black) of the original liquid SnE, which is very
similar to the one shown in reference'®. The formation of the free acid could be a
result of water adsorption causing hydrolysis:

Sn(OOCR), + H,O 2 SnO + 2 HOOCR

When SnE was prepared as a thin film without any other additional process, the free
acid is not present, as shown in the green spectrum in Fig. 9.9. The spectra were
normalized to the peak intensity of the CH stretching (antisymmetric and symmetric
stretching vibration of -CH; and —CH, at 2962, 2931 and 2869 crn'l). With a bake
step, the COO antisymmetric stretching at around 1562 and 1614 cm™ disappeared,
and shifted to around 1527 cm™, which could be due to a reorganization of acetate
group from monodentate to bidentate chelating upon baking.” The baked sample
prepared at PSI was also measured after one week aging under air atmosphere. As it
shows in the blue spectrum in Fig. 9.9, the shape of the spectrum is quite similar
with the spectrum from the freshly baked sample. The baked thin film is stable even
exposed to the atmosphere for one week.
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Figure 9.9. IR spectra of SnE liquid measured using ATR (black), freshly prepared
SnE unexposed thin film (green), (100°C 2 min) baked SnE unexposed thin film (red)
and baked SnE unexposed thin film after one week of aging (blue), measured using
FTIR.
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In order to follow the chemical changes of SnEunder DUV/EUV exposure, FTIR
spectra were measured of the DUV/EUYV exposed thin films, as shown in Fig. 9.10
and 9.11. The spectra were normalized to the intensity of CH stretching. After DUV
exposure, the COO stretching decreased significantly relative to the CH stretch,
indicating that the decarboxylation reaction in the SnE dominated after DUV
exposure. Although the carbon chain is connected with the carboxylate group, when
the decarboxylate reaction happens, it generates a heptyl radical that could react
with the tin atom or grape a hydrogen forming heptane remaining in the thin films.
That could be the reason why the COO stretching is decreased the CH stretching.
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Figure 9.10. IR spectroscopy of unexposed and 200 mJ/cm’ DUV exposed SnE
samples.

The IR spectra of EUV exposed SnE samples are shown in Fig. 9.11. Since the
EUV exposure was performed under vacuum, prebake is needed before the sample
was introduced into the exposure chamber. The spectra from the exposed sample
are compared with the spectrum from the unexposed-prebaked sample. Similarly,
the spectra were normalized to CH stretching at 2962 cm™. The COO symmetric
stretching decreased slightly with the exposure dose increasing, indicating that a
small chemical change can already cause the solubility difference.
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Figure 9.12. IR spectra of SnA unexposed thin film (around 24 nm), and films
exposed to DUV with doses 10, 50 and 250 mJ cem™.

Comparing with SnE, the film of SnA is even thinner, namely 20 — 30 nm. Similarly,
the IR spectra were recorded on different samples, but the signals from all the
samples are quite weak as shown in Fig. 9.12. The spectra were presented as
normalized to the COO antisymmetric stretching at 1560 cm™. As it shows in Fig.
9.12, with the DUV dose increasing, the COO symmetric stretching at 1380 cm'™
increased slightly, indicating that the carboxylate group could be reorganized in the
samples.
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9.3.3 X-ray Photoelectron Spectra of SnA and SnE

The SnA and SnE thin films prepared on conductive substrates (Au coated Si wafer)
were characterized by means of XPS using the spectrometer (chapter 2) operating
with a photon energy of 1.4 keV. For the SnE sample, the prebake effect and dose
effect were investigated. Since the XPS measurement needs to be done under high
vacuum, the freshly prepared SnE sample was kept under atmosphere for 24 h and it
turned from viscous oil into solid before it was introduced into the XPS loadlock.
This indicated chemical changes such as oxidation or hydrolysis happened in the
thin film, which could form a mixture of SnO and SnE before the measurement.
The overview spectra are shown in Fig. 9.13. All expected elements in the thin film
are present as peaks in the spectra: O 1s at around 531 eV, Sn 3ds, and 3d;, at
around 486 and 495 eV, and C 1s at around 285 eV.""?® The small peaks at 84 eV
are from the Au layer on the substrate. All spectra were normalized to the Sn 3d
peak intensity. After normalizing, we did not see significant changes of the O Is
and C Is peaks intensity in the exposed sample, but the O 1s and C s peaks are
clearly decreased due to the pre-baking. The peak area ratio in the spectra
corresponds to the element ratio listed in table 9.1.
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Figure 9.13. Overview spectra of SnE unexposed, SnE baked (100°C 2 min) and no
prebaked SnE exposed to 225 nm DUV with doses 20, 200, 300 mJ cm™.

Comparing with the expected ratio, the ratio from the unexposed sample shows a
significant difference. The oxygen atom signal is only 50% of what was expected,
and the carbon content is even less than half of the expected stoichiometric ratio,
presumably due to partial decomposition. The observed elemental ratio is consistent
with a film composition of SnO : SnE =2 : 1, where the Sn: O: C ratio is 1: 2: 5.2.
There is small decrease of the C 1s and O 1s ratio when we compare the ratio of the
unexposed sample and the ratio from the prebaked sample. Based on reference',
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when a photon was absorbed by the SnE molecule, a ligand to metal charge transfer
transition would happen, where one electron could be transferred from the
ethylhexanoate to the connected Sn*" center into Sn” and further into Sn atom,
which is easy to be oxidized into SnO under air conditions. The electron loss in
ethylhexanoate could induce decomposition of ethylhexanoate into CO; and heptyl
radical. With DUV exposure, the oxygen and carbon ratios increased slightly,
which is still hard to explain.

Table 9.1. Sn, O and C atomic ratios from samples of SnE unexposed, SnE baked
and 20, 200, 300 mJ cm” exposed to DUV.

Sn 0 C
SnE theoretical 1 4 16
SnE unexp 1 20+0.1 56+03
SnE unexp baked 1 1.8+02 5.0+04
SnE 20 mJ cm™ 1 20£02 5.6+04
SnE 200 mJ cm™ 1 28+03 63+05
SnE 300 mJ cm? 1 26+03 57+04

Similarly, XPS was also performed on the unexposed, prebaked, 20, and 100 mJ
cm™ exposed SnA samples. The overview spectra of the samples were recorded as
shown in Fig. 9.14. The Sn 3d, O 1s and C 1s peaks were clearly observed. To
compare the intensity change, we assume that the Sn content does not change
during the exposure and measurement. After normalizing the peak intensity to the
Sn 3d peak, we can clearly observe that the C 1s peak intensity decreases in spectra
from the prebaked and exposed samples, but the intensity of oxygen peak does not
change. The peak ratios of all the spectra were calculated and are shown in table 9.2.
When we compare the element ratio in the unexposed sample with the theoretical
calculation, the oxygen and carbon ratios are lower than expected, as in the case of
SnE. The observed elemental ratio is similar with a film composition of SnO : SnA
=~ 2 : 1, where the Sn: O: C ratio is 1: 2: 1.3. This indicates the chemical reaction
already happened before the samples were introduced into the measurement. With a
prebake step, carbon was lost, indicating that the heating promotes the reaction in
the thin film. When the DUV exposed samples were checked, the higher the dose,
the lower the carbon ratio was observed.
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Figure 9.14. Overview spectra of unexposed SnA_ prebaked, 20, and 100 mJ cm™
EUV exposed samples.

Table 9.2. Atomic ratios of Sn, O and C from unexposed SnA. prebaked, and EUV
exposed samples.

Atomic ratio Sn @) C
SnA theoretical 1 4 4
SnA unexposed 1 1.6+0.1 13+0.2
SnA unexposed baked 1 1.6+0.1 1.0+£0.3
SnA 20 mJ cm™ 1 1.6+0.1 0.8+0.3
SnA 100 mJ cm™ 1 1.8+02 04+0.1

Above all, we confirmed that there were chemical changes in the SnA and SnE thin
films upon prebake and exposure. The photolysis mechanism of SnE has been
presented in the literature and is adapted here as Fig. 9.15a.'° In reference 16, the
photolysis products could be SnO, CO, CO, and hydrocarbon molecules.
Additionally, the SnA and SnE could be hydrolyzed as proposed in Fig. 9.15b. The
molecules have the opportunities to react with water and generate SnO or the
intermediate HOSnCOOR, which could mix with the original molecules and lead to
the difference between the measured and expected atomic ratio in XPS
measurements. Since all the reactions in Fig. 9.15 are possible, the final remaining
thin film could be a mixture of SnO, RCOOSnOH and Sn(COOR),, which is
consistent with the XPS result that there is always carbon remaining after different
processes.
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Figure 9.15. (a) Proposed chemical reaction mechanism of SnA and SnE upon
exposure, figure from reference 16. (b) hydrolysis of the tin(ll)carboxylates.

9.4 Conclusions

In this work, we investigated two small molecules SnE and SnA as EUV
photoresists. We could demonstrate the sensitivity of the two materials under DUV
and EUV exposure. We manage to develop the DUV/EUV exposed SnE and SnA
samples by using either TMAH or KOH solution as developers. More efforts are
needed to find better process conditions for high-resolution patterning. Evidence
was found that chemical changes occurred when the compounds were deposited as
thin films. Baking has a significant effect on the molecular composition. Based on
the IR results, decarboxylation can happen in the SnE thin films upon bake and
DUV exposure. To understand the chemical changes inside the thin film could help
us get better understanding on the properties of the unexposed and exposed
materials, which is important for developing proper process conditions.
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Summary

Photoresists are photosensitive materials that are used to transfer patterns in
photolithography. New types of photoresists are needed for the next generation of
photolithography, which uses extreme ultraviolet radiation (EUV, wavelength 13.5
nm). Organotin materials have drawn great attention in the photoresist field, not
only due to their potential in industrial application but also because of the interest
from the fundamental point of view. This thesis focuses on two kinds of organotin
materials as photoresists: the tin oxo cages and tin(Il) carboxylates molecules. We
study the interaction of EUV and short-wavelength (deep) UV (225 nm) photons
with the two types of photoresist candidates.

Chapter 1 gives an overview of the subjects of photolithography and photoresists.
The developments of photolithography and photoresists are briefly summarized.
Some metal-containing photoresists and their proposed reaction mechanisms are
discussed. The organotin type of photoresists is attractive for us as a prototype for
the study of the chemical reactions on metal containing photoresists upon light
exposure. This is important for understanding the principles of EUV-induced
chemical reactions, and can form the scientific groundwork for the optimization of
metal-containing photoresist performance in the next generation photolithography.

In Chapter 2, we introduce the experimental techniques we used throughout the
thesis. Various X-ray photoelectron spectroscopy (XPS) techniques that we used
receive special attention, because they uniquely enable the characterization of the
chemical reaction in the photoresist thin films.

The DUV photon-induced chemical changes in tin oxo cages are studied in
Chapters 3, 4 and 5 by using the HAXPES technique (Hard X-ray Photoelectron
Spectroscopy). In Chapter 3, based on the HAXPES spectra from the tin oxo cages
with hydroxide counterions (TinOH) upon DUV exposure, we find direct evidence
indicating that the Sn-C bonds in the tin oxo cages are cleaved upon DUV exposure.
By comparing the chemical reaction of the tin oxo cages under dry nitrogen (N3)
and air atmosphere, we find that the average photochemical reaction yield of TinOH
at high conversion is higher under air than in an atmosphere of N,, but rather low
(~1 %) in both cases. A reaction mechanism of TinOH photoresist exposed to DUV
is proposed.

In chapter 4 we show that not only photons introduce chemical changes in the
photoresist. Thermal processes in air after exposure (baking processes) cause
chemical reactions in the tin oxo cages which further reduce the solubility. These
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reactions occur at temperatures where the intact non-exposed film is thermally
stable, and can be used to enhance the sensitivity (see Chapter 6). The
photochemical reactions under nitrogen probably lead to a partial reduction of the
tin cage, while the baking processes lead to oxidation, and more cross-linking of the
tin cages.

In Chapter 5, the relationship between the DUV photon absorption and chemical
reaction yield in the photoresist is further investigated by comparing three types of
tin oxo cages, which have the same cage structure but three different counterions
(hydroxide (TinOH), acetate (TinA), trifluoroacetate (TinF)). The chemical reaction
yields of the three cages were evaluated through XPS and UV-absorption spectra.
The solubility changes in the resist layer were quantified by constructing dose-
contrast curves. The sensitivities of TinOH and TinA are similar, and higher than
that of TinF. This provides evidence that the anions must be involved in some stage
of the chemical process that leads to solubility switching. Interestingly, the weaker
basicity and hydrogen bonding ability of the trifluoroacetate anion compared to
acetate and hydroxide is reflected in the Sn 3d XPS spectra.

The EUV patterning abilities of the tin oxo cages are investigated in Chapter 6 and
Chapter 8. The tin oxo cages can generate negative tone patterns as discussed in
Chapter 6. The pattern performances of the tin oxo cages with different counterions
(TinA and TinOH) under EUV exposure are studied. The results indicate that the
sensitivity and the quality of the patterns can be affected by the counterions
(hydroxide (TinOH), acetate (TinA) and malonate (TinM)). A possible reason is
their physical properties are modified by the counterion such as the solubility. The
results of Chapter 5 (which were obtained after the results from Chapter 6 were
published), however, show that there is an effect of the counterions on the chemical
reactivity in the DUV photochemistry, and this difference may also affect the EUV-
induced reactions. The sensitivity of the photoresist can be improved by optimizing
the process conditions, such as film thickness, post-exposure baking (PEB)
temperature and development conditions. The thermal stability of the TinOH
powder is characterized by TGA measurement, and it is shown to be stable at least
until 100 °C. By comparing the pattern performance under different PEB
temperatures, 100 °C is chosen as the proper PEB temperature for the TinOH to
generate negative tone patterns. We also observed that the sensitivity and pattern
resolution of the TinOH photoresists are improved by adding a PEB step. After a
partial optimization, we achieved a 22 nm half pitch pattern with 57 mJ cm™ EUV
dose by using TinOH as photoresist. A 30 nm half pitch pattern with 57 mJ cm™
EUYV dose is realized by using TinA as photoresist.

The EUV photon-induced chemical changes in the tin oxo cages are systematically
investigated in Chapter 7. The reaction mechanism of the tin oxo cages under EUV
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is compared with the mechanism under DUV exposure. Different forms of XPS
combined with mass spectrometry are used to investigate the photon-induced
chemistry in the photoresist films. The photoemission spectrum of TinOH with
photon energies around 92 eV is reported for the first time, where we confirm that
the core-level electrons from Sn 4d orbitals are an effective source of primary
electrons under EUV exposure. The photolysis-outgassing products (gaseous
compounds that are released from the film) under EUV exposure are characterized
by an outgassing system in collaboration with IMEC. Butane, butene and butanal
are generated if TinOH is exposed to EUV, which further confirms that the Sn-C
bond can be cleaved upon EUV exposure, as deduced from our XPS analyses. The
DUV/EUV exposed TinOH thin films were analyzed by means of XPS and mass
spectrometry. The chemical reaction quantum yield was found to be higher with
EUV exposure than with DUV exposure. A reaction mechanism of the tin oxo
cages upon EUV exposure is proposed.

As an extension of the research of Chapter 6, we found that dual-tone patterns can
be realized by using the tin oxo cages as photoresist under high PEB temperature
(150 °C), and this phenomenon is further explored in Chapter 8. The normal
(negative tone) pattern is observed for TinOH with PEB temperature below 150 °C
as shown in Chapter 6. When the PEB temperature reaches 150 °C, however,
varying the exposure dose can reverse the tone of the pattern. This dual tone
phenomenon is observed with EUV and E-beam exposure. By analyzing the sample
with TGA and XPS, we related this phenomenon to the water loss occurring on the
unexposed TinOH at this temperature.

In Chapter 9, we study the possibility of using tin(Il) carboxylate compounds as
EUYV photoresists. The patterning performance and the chemical reaction of tin(Il)
acetate and tin(II) ethylhexanoate thin films upon DUV/EUYV irradiation are studied.
The sensitivities of the two molecules under DUV/EUV exposure are demonstrated.
Post application baking has significant effect on the molecular composition. Both
of the two molecules show clear chemical changes upon light exposure. High
quality pattern, however, could not (yet) be achieved by using these two materials
as photoresist.
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Samenvatting

Fotolakken zijn lichtgevoelige materialen die worden gebruikt om patronen over te
brengen in de fotolithografie. Nieuwe typen van fotolakken zijn nodig voor de
nieuwe generatie fotolithografie, waarbij gebruik wordt gemaakt van extreem
ultraviolet licht (EUV, golflengte 13.5 nm). In het onderzoeksgebied van fotolakken
is er veel interesse in organotin-verbindingen, niet alleen vanwege hun potentiéle
toepassing als fotolak, maar ook vanuit fundamenteel oogpunt. Dit proefschrift
spitst zich toe op twee soorten organotin-verbindingen die gebruikt worden als
fotolakken: de tin-oxo kooien en tin(Il) carboxylaat-verbindingen. We bestuderen
de interactie van EUV en kortgolvig diep UV (225 nm) met de twee soorten
organotin-verbindingen.

Hoofdstuk 1 geeft een overzicht van de onderwerpen fotolithografie en fotolakken.
De ontwikkelingen die hierin plaatsvinden worden kort samengevat. Enkele metaal-
bevattende fotolakken en hun reactiemechanismen worden besproken. Organotin-
verbindingen zijn voor ons interessant als prototype voor de bestudering van de
chemische reacties tijdens belichting. Dit is belangrijk om de principes van EUV-
geinduceerde chemische reacties te kunnen begrijpen, en het kan de
wetenschappelijke basis vormen voor het optimaliseren van metaal-bevattende
fotolakken in de nieuwe generatie fotolithografie.

In Hoofdstuk 2 introduceren we de experimentele methodes die we door het
proefschrift heen hebben gebruikt. Met name XPS (fotoelektronspectroscopie met
rontgenstraling) krijgt speciale aandacht, omdat deze techniek de chemische reactie
in de dunne lagen fotolak goed kan karakteriseren.

In Hoofdstuk 3, 4 en 5 worden de chemische veranderingen besproken die in tin-
oxo kooimoleculen optreden ten gevolge van de interactie met DUV fotonen. Deze
veranderingen zijn bestudeerd met HAXPES (fotoelektronen-spectroscopie met
harde rontgenstraling). In Hoofdstuk 3 maken we gebruik van HAXPES spectra van
tin-oxo kooien met hydroxide-tegenionen (TinOH) en we vinden direct bewijs dat
Sn-C bindingen worden verbroken bij belichting met DUV. We hebben de
chemische veranderingen van tin-oxo kooien bij belichting onder lucht en stikstof
(N,) atmosfeer met elkaar vergeleken, waaruit bleek dat de gemiddelde opbrengst
van de fotochemische reactie hoger is onder lucht dan onder N,, maar in beide
gevallen vrij laag (~1%). Een mechanisme wordt voorgesteld voor de reactie onder
DUV-belichting van TinOH.
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In Hoofdstuk 4 laten we zien dat niet alleen fotonen chemische reacties in de
fotolak kunnen veroorzaken. Ook temperatuur-geinduceerde processen in de lucht
na belichting (bakprocessen) veroorzaken chemische reacties die de oplosbaarheid
van de tin-oxo kooien verder verminderen Deze reacties vinden plaats bij
temperaturen waarbij het onbelichte deel van de fotolak stabiel is, en deze reacties
kunnen gebruikt worden om de gevoeligheid van de fotolak te verhogen (zie
Hoofdstuk 6). De fotochemische reacties onder stikstof leiden waarschijnlijk tot
gedeeltelijke reductie van de tin-oxo kooi, terwijl bakken leidt tot oxidatie en het
meer cross-linken van de tin-oxo kooien.

In Hoofdstuk 5 wordt de relatie tussen absorptie van DUV-fotonen en opbrengst
van de chemische reactie verder onderzocht door drie soorten tin-oxo kooien te
vergelijken, die dezelfde kooistructuur hebben maar drie verschillende tegenionen
(hydroxide (TinOH), acetaat (TinA) en trifluoroacetaat (TinF)). De opbrengst van
de chemische reacties zijn onderzocht door middel van XPS en UV-
absorptiespectra. De veranderingen in oplosbaarheid van de fotolak-lagen zijn
gekwantificeerd met behulp van contrast curves. De gevoeligheid van TinOH en
TinA is vergelijkbaar, en hoger dan die van TinF. Dit bewijst dat de tegenionen een
rol spelen in de stap van het chemische proces die leidt tot de omslag in
oplosbaarheid. Interessant genoeg zijn effecten van de kleinere basiciteit en
zwakkere vorming van waterstofbruggen terug te vinden in de Sn 3d XPS-spectra.

De mate van geschiktheid van tin-oxo kooien voor het schrijven van EUV-patronen
wordt bestudeerd in Hoofdstuk 6 en in Hoofdstuk 8. In tin-oxo kooien kunnen
negatieve patronen geschreven worden, zoals staat beschreven in Hoofdstuk 6. De
geschiktheid van tin-oxo kooien met verschillende tegenionen (TinA en TinOH)
voor het schrijven van patronen onder EUV-belichting wordt hierin onderzocht. De
resultaten wijzen uit dat de gevoeligheid en de kwaliteit van de patronen wordt
beinvloed door de verschillende tegenionen (hydroxide (TinOH), acetaat (TinA) en
malonaat (TinM)). Een mogelijke verklaring hiervoor is dat fysische eigenschappen,
zoals oplosbaarheid, veranderd worden door het tegenion. De resultaten van
Hoofdstuk 5 (die zijn verkregen nadat de resultaten uit Hoofdstuk 6 werden
gepubliceerd) geven echter aan dat er een effect is van de tegenionen op de
chemische reactiviteit in DUV fotochemie, en dit verschil kan ook invloed hebben
op EUV-geinduceerde reacties. De gevoeligheid van de tin-oxo kooi fotolak kan
verbeterd worden door procescondities te optimaliseren, zoals laagdikte, “post-
exposure bake” (PEB) temperatuur, en de omstandigheden waaronder de
ontwikkelingsstap plaatsvindt. De thermische stabiliteit van TinOH-poeder is
onderzocht met thermogravimetrische analyse (TGA), en er wordt aangetoond dat
het poeder stabiel is tot minstens 100 °C. Door de patroongeschiktheid van TinOH
te vergelijken bij verschillende baktemperaturen, is gevonden dat 100 °C de juiste
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baktemperatuur is voor TinOH om negatieve patronen te schrijven. Ook hebben we
gezien dat de gevoeligheid en patroonresolutie van TinOH beter wordt bij het
toevoegen van een bakstap (PEB). Na een gedeeltelijke optimalisatie hebben we
met TinOH als fotolak een patroon kunnen schrijven van 22 nm “half pitch” met
een dosis van 57 mJ cm” EUV. Met TinA als fotolak werd, met een dosis van 57
mJ cm™ aan EUV, een 30 nm half pitch patroon bereikt.

De chemische veranderingen in TinOH ten gevolge van EUV bestraling worden
systematisch onderzocht in Hoofdstuk 7. Het reactiemechanisme van de tin-oxo
kooien onder EUV-belichting wordt vergeleken met het mechanisme onder DUV-
belichting. Verschillende vormen van XPS, gecombineerd met massaspectrometrie,
worden gebruikt om fotochemie in de fotolaklagen te onderzoeken. Het
fotoemissiespectrum van TinOH onder 92 eV belichting wordt voor het eerst
beschreven, waarbij we bevestigen dat elektronen die zich bevinden in het Sn 4d
orbitaal onder belichting van EUV een effectieve bron zijn van primaire elektronen.
De afdampproducten, gasvormige producten die onder belichting van EUV
vrijkomen, worden bestudeerd door een afdampanalysesysteem, in samenwerking
met IMEC. Butaan, buteen en butanal komen vrij als TinOH wordt belicht met
EUV, wat een verdere aanwijzing is dat de Sn-C binding verbroken kan worden
onder EUV-belichting, zoals uit de XPS-analyses bleek. De DUV/EUV-belichte
dunne TinOH-lagen werden geanalyseerd door middel van XPS en
massaspectrometrie. Er werd gevonden dat de kwantumopbrengst van de chemische
reactie voor EUV-belichting hoger is dan voor DUV-belichting. Een
reactiemechanisme voor tin-oxo kooien die belicht worden door EUV wordt
voorgesteld.

Als aanvulling op het onderzoek in Hoofdstuk 6 hebben we gevonden dat patronen
kunnen worden gerealiseerd met positieve en negatieve toon door de tin-oxo kooien
te gebruiken als fotolak bij hoge PEB-temperatuur. Dit fenomeen wordt verder
onderzocht in Hoofdstuk 8. Het normale (negatieve) patroon zien we als we voor
TinOH gebruik maken van PEB-temperaturen beneden 150 °C, zoals te zien in
Hoofdstuk 6. Als de PEB-temperatuur echter 150 °C bereikt, kan er een positief
patroon gemaakt worden. Dit ‘dual tone’-fenomeen wordt gezien bij zowel EUV als
elektronen-belichting. Door de verbinding te analyseren met TGA en XPS hebben
we dit fenomeen gerelateerd aan het verlies van water dat plaatsvindt in het
onbelichte TinOH bij deze temperatuur.

In Hoofdstuk 9 onderzoeken we de mogelijkheid om tin(Il) carboxylaat-
verbindingen te gebruiken als EUV-fotolakken. De geschiktheid van de patronen en
de chemische reactie van dunne films van tin(Il) acetaat en tin(Il) ethylhexanoaat,
onder belichting van DUV/EUV, worden bestudeerd. De gevoeligheid van deze
twee verbindingen voor DUV/EUV-belichting wordt besproken. ‘Post-application
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baking’, het toevoegen van een bakstap vlak na aanbrengen van de dunne laag,
heeft een groot effect op de moleculaire samenstelling. Beide verbindingen laten
een duidelijke chemische verandering zien onder belichting. Patronen van hoge
kwaliteit konden (nog) niet worden bereikt door deze twee verbindingen als fotolak

te gebruiken.
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