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ABSTRACT
Extreme ultraviolet lithography is the newest technique to keep up with Moore’s law and create smaller
integrated circuit feature sizes. However, novel photoresist materials must be used in order to withstand
the high energy beam (λ=13.5nm). Metal-oxo clusters have been proposed as one photoresist solution, and
specifically the most promising is a sodium-centered tin-Keggin cluster. A simple one-step synthesis was
developed to produce a Na-Sn Keggin cluster, without the need for heating, filtration, or recrystallization.
However, the product was a mixture of the β-isomer (β-NaSn12) and the γ-isomer (γ-NaSn12), which share
the formula [(MeSn)12(NaO4)(OCH3)12(O)4(OH)8]1+. For fundamental studies on the lithographic mechanisms
occurring during exposure to be successful, a pure and stable isomer is desired. Computational modeling was
recruited to determine the ground state energy of all five uncapped isomers in this Na-Sn Keggin system.
Additionally, the inclusion of one or two tin atoms to the uncapped structure, called capping, altered which
isomers were stabilized. Computations were also employed to evaluate the influence of this capping strategy for the single-capped β-isomer (β-NaSn13), the single-capped α-isomer (α-NaSn13), the single-capped
γ-isomer (γ-NaSn13), and the double-capped γ-isomer (γ-NaSn14). Density functional theory (DFT) was used
to obtain the hydrolysis Gibbs free energy and HOMO-LUMO gap, which led to the stability ranking: β-NaSn12
> γ-NaSn12 > α-NaSn12 > δ-NaSn12 > ε-NaSn12 for uncapped clusters, which was consistent which experimental
observations. The uncapped isomers were computationally evaluated to be more stable than their respective
single-capped analogues. However, the double-capped γ-NaSn14 was more stable than either the uncapped or
single-capped clusters. Therefore, capping has shown to be a useful tool in exploring the stability landscape
of these Keggin clusters to promote a pure and stable material for the next generation EUV lithography
photoresists. And noteworthy, this sodium-centered tin-Keggin ion represents the only Keggin ion family so
far, that favors the isomers of lower symmetry.
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1. Introduction
With integrated circuit manufacturers aiming to produce sub-10nm feature sizes, extreme ultraviolet lithography (EUVL) is perceived as the next developing technology, at a wavelength of only 13.5nm.1 The
challenges with using polymer-based photoresists for EUVL can be eliminated by using metal-oxo cluster
photoresists. Metal-oxo clusters are smaller than the bulky carbon chains in the polymer-based resists, thus
preventing pattern collapse. Also, metal-oxo clusters are more durable during the lithographic etching step.
Metal-oxo systems previously investigated as potential photoresist materials include hafnium, antimony, and
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Figure 1. Trimer rotation to obtain five Keggin isomers α, β, γ, δ, and ε.
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Mask Blank Diversity
Thomas Scherübl, Carl Zeiss SMT GmbH
When I started to work for the photomask industry about 15 years ago,
I was puzzled about the meaning of “BACUS”. I learned that “BACUS”
stands for “Bay Area Chromium Users”. This comes from a time (I think
the 80s or so) when the semiconductor industry was predominately
located in the Bay Area and photomasks used chromium as the one and
only absorber material. Chromium has been doing its job as an absorber
for quite a time as it has the properties needed for an absorber
material: block light and somehow easy to pattern and clean.
As Moore’s Law progressed, features on the mask and the wavelengths
of the scanner became smaller. Better contrast for imaging was
required which resulted e.g. in the introduction phase shifting masks
based on a MoSi blank material. Still, the number of blank types was
quite limited at that time. With the extension of 193nm immersion
lithography additional parameters like mask durability during exposure
or cleaning began to play a role. These trends boosted the number
of so-called new mask materials which were introduced for 193nm
immersion lithography.
Currently, EUV is entering high volume manufacturing and the same
trend already begins to start for EUV blanks. For a long time, it seemed
that EUV will use only two absorber types. However, mask 3D effects
which are limiting the imaging performance are driving research for new
thinner absorber materials and phase shifting masks. This was the topic
of several talks at the last BACUS/EUVL conference (see also Bacus
News, October 2019, Vol. 35, Issue 10). For new absorbers, a variety
of new candidate materials exist. These materials need to provide not
only good imaging performance but need to be manufacturable, too.
For the selection of proper materials, it is crucial to investigate and
optimize the processes with regards to low defect count, etch and clean
performance, as well as repairability.
Introducing new blank materials will require the corresponding
adjustments to the infrastructure in mask manufacturing. For EUV
masks and the tolerances involved, these changes tend to be more
complex than in earlier times. For achieving this in time for high volume
production, close cooperation in the mask industry is more important
than ever. There it is beneficial for the whole industry to align efforts
already in an early stage among blank vendors, mask manufacturers,
and tool suppliers for etching, cleaning, and repair.
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Figure 2. (a) uncapped β-NaSn12, (b) single-capped β-NaSn13, (c) uncapped γ-NaSn12, (d) single-capped γ-NaSn13, (e) double-capped γ-NaSn14. Tin
are purple octahedra, sodium is central yellow tetrahedra, carbon are brown, hydrogen are white, and boron are green.
tin clusters.2–6 These systems have a high EUV atomic absorption crosssection, needed for proper resist functionality.7 Each system had their
limitations however. Hafnium-based clusters demonstrated 8nm resolution but resulted in background condensation.2 Antimony-oxo clusters
had EUV sensitivity but pattern collapse limited high resolution.3 The
tin-oxo “football” cluster prevented background condensation, but the
synthesis was difficult.4 A capped sodium-centered organotin-oxo Keggin
cluster produced high aspect ratio and dense line patterns with helium
ion beam lithography, but synthesis of the structure was difficult leading
to poor reproducibility and low yields.5,6 It is thought that the cleavage of
the Sn-C bond of the terminal butyl ligands in this material is the cause
of the change in the solubility of this photoresist.8 In order to evaluate
this system in more depth, a simplified synthesis strategy was required
to further investigate the possibilities of a sodium center organotin-oxo
Keggin cluster as a photoresist for EUV lithography.
Hutchison and coworkers recently discovered a simple one-step synthesis for the Na-Sn Keggin system that proceeds at room temperature and
does not require any filtration or recrystallization.9 This synthesis strategy
successfully made the [(MeSn)12(NaO4)(OCH3)12(O)4(OH)8]1+, which is
an uncapped Keggin cluster denoted β-NaSn12. However, this synthesis
led to a mixture of uncapped β-NaSn12 and uncapped γ-NaSn12 isomers.
Computational studies were recruited to investigate this dilemma and
unknown cause. Since the Keggin geometry has 5 possible isomers, all 5
uncapped NaSn12 isomers α, β, γ, δ, and ε, were computationally modeled
in this paper. To evaluate the influence of capping on the prevention of
isomerization between uncapped β-NaSn12 and uncapped γ-NaSn12, the
experimentally observed capped β-NaSn13 and γ-NaSn13, as well as the
most recently synthesized double capped γ-NaSn14 were computationally
modeled in this paper as well.9,10 The advantages of using computational
modeling tools is to be able to evaluate the thermodynamic stability of
experimental as well as theoretical isomers of a given system. The calculated thermodynamic landscape of the isomers enables comparison
of the isomer stability and hence interpretation of experimental results.
Ideally, computational results will guide synthesis design, being able to
determine the influential factors that drive stability between isomers and
predict new structures.

2. Description of Structures
2.1 The Keggin geometry
The Keggin cluster was first structurally characterized in 1934 by J.F.
Keggin.11 It contains a heteroatom metal center in a 4-coordinate environment. Surrounding this are four trimer units. Each trimer unit consists
of three metals in a 6-coordinate environment. The three octahedra are
edge-sharing within the trimer unit. The α-isomer is defined as having its
four trimer units connected by corner-sharing between trimers, resulting
in Td symmetry, as shown in Figure 1. If one trimer unit is rotated by 60
degrees, the β-isomer is obtained which still exhibits only corner-sharing
trimers but with a reduced symmetry of C3v. Continuing this process of
successive trimer rotations of 60 degrees, the γ-isomer of C2v symmetry
is obtained. Finally, a rotation of a third trimer yields the δ-isomer and
a fourth trimer rotation yields the ε-isomer, possessing C3v and Td symmetries, respectively.

2.2 Situation I: Mixed β/γ-NaSn12

The one-step synthesis strategy developed by Hutchison et al. occurred
at room temperature and did not require any filtration or recrystalliza-

tion.9 However, 119Sn-NMR and single-crystal x-ray diffraction showed a
mixture of β-NaSn12 and γ-NaSn12. To investigate the isomerization, all
five uncapped Na-Sn Keggin isomers (α, β, γ, δ, ε) were computationally modeled. They all were given the same formula: [(MeSn)12(NaO4)
(OCH3)12(O)4(OH)8]1+. The β-NaSn12 and γ-NaSn12 clusters are shown in
Figure 2a and 2b, respectively. To decrease the computational cost and
complexity of these models, the butyl Sn-terminal ligands were replaced
with methyl ligands, a common practice.12 In this Na-Sn Keggin system,
the central heteroatom is sodium. Each trimer unit of the Keggin is comprised of three MeSnO5 octahedra with a methyl terminal ligand on each
tin atom. The three bridging oxygens within each trimer unit (12 total
O2-) are methoxy ligands. The bridging oxygens between the four trimer
units (12 total O2-) are oxo or hydroxyl ligands. The overall charge of the
structures is determined by the total number of hydroxyl ligands. The
location of the hydroxyl ligands impacts the hydrolysis Gibbs free energy
and care was taken to obtain the lowest energy conformation. Although
the hydrogen location cannot be inferred from the x-ray diffraction data,
mass spectrometry identified the overall charge of the structures and
bond-valence sum helped guide the hydroxyl ligand placement.

2.3 Situation II: Single-capped β-NaSn13

Saha et al. in 2017 produced a single-capped β-NaSn13.5 However, authors
found impurities of uncapped NaSn12 isomers and Sn12 (i.e. the ‘football’
cluster [(RSn)12O14(OH)6]2+, R=alkyl) co-crystallized with β-NaSn13 in unknown quantities, as determined with electrospray ionization mass spectroscopy (ESI-MS) and 119Sn-NMR. The computationally modeled β-NaSn13
was assigned a formula of [(MeSn)12(NaO4)(OCH3)12(O)8(OH)4(Sn(H2O)2)]1+
which is exactly consistent with the experimental crystal structure determined by ESI-MS.9 The cap position and bonding for theoretical α-NaSn13
was modeled after β-NaSn13 since these two isomers exhibit similar
symmetries and capping “windows” as compared to γ-NaSn13. The cap
on β-NaSn13 and α-NaSn13 is a 6-coordinate tin, with four bonds to the
cluster in the tetragonal window. The two terminal ligands are waters.
The single-capped β-NaSn13 is shown in Figure 2c.

2.4 Situation III: Single-capped γ-NaSn13

A different synthesis strategy conducted by Hutchison et al. produced
single-capped γ-NaSn13.9 However, crystals of both γ-NaSn13 and uncapped
β-NaSn12 were isolated from the same closed vial.9 This computational
study modeled the γ-NaSn13 as [(MeSn)12(NaO4)(OCH3)12(O)6(OH)6(Sn(Me)
(OCH3))]1+ as shown in Figure 2d. The cap is a 5-coordinate tin, with
three bonds to the cluster in one of the pentagonal windows adjacent
to the edge sharing trimer units. The two terminal ligands are methyl
and methoxy.

2.5 Situation IV: Double-capped γ-NaSn14

Zhu et al. very recently synthesized the double-capped γ-NaSn14 in 2019.10
This synthesis strategy successfully prevented isomerization, yielding
pure γ-NaSn14. Two 5-coordinate tin caps are found on the structure, one
in each pentagonal window on either side of the edge shared between
two trimer units. The terminal ligands are a butyl chain (modeled as
methyl) and an oxygen atom from a BO2(OH) ligand. The two borate
ligands provide a bridge between the tin cap and they each replace
one methoxy ligand within a trimer unit. The authors believe the borate
group stabilizes the cap, which in turn stabilizes the Keggin cluster. This
structure is shown in Figure 2e.
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Figure 3. Four synthesis strategies (I, II, III, IV) and their experimentally observed results (bold-circled isomers). Hydrolysis Gibbs free energies
of all relevant isomers are included. Blue = β-NaSn12, Yellow = γ-NaSn12, Red = β-NaSn13, Green = γ-NaSn13, Gray = γ-NaSn14.

3. Methodology

3.2 Computational details

3.1 Approach
The experimentally isolated clusters were computationally modeled.
These consisted of the two uncapped isomers (β-NaSn12, γ-NaSn12), the
two single-capped isomers (β-NaSn13, γ-NaSn13), and the one doublecapped isomer (γ-NaSn14). Additionally, theoretical clusters (which have
never been experimentally isolated) of the Na-Sn system were also
modeled. These included three uncapped isomers (α-NaSn12, δ-NaSn12,
ε-NaSn12), and one single-capped isomer (α-NaSn13), bringing the total
number of systems investigated to nine.
We determined the hydrolysis Gibbs free energy (ΔGaq) in solution by
using a thermodynamic cycle in which the hydrolysis energy is the sum
of the corresponding gas-phase Gibbs free energy (ΔGgas) and the Gibbs
free energies of solvation ΔGsolv as seen in Equation 1. The thermodynamic
cycle is used to reduce errors when calculating the solvation energy and
comparing structures of different formula.13–16 The gas-phase Gibbs free
energy contains a correction term that takes into account the enthalpy,
entropy, and temperature of the system when a frequency analysis is conducted. The term “n” is the coefficient of that species. An example of this
thermodynamic cycle using β-NaSn12 is shown in Scheme 1. The dielectric
constant for the solvent model was set to ∼78.36, consistent with water.

(1)
Scheme 2. Thermodynamic cycle for β-NaSn .
12

The geometry of each cluster was first optimized using Gaussian 09 in
the gas phase using the B3LYP functional.17 The basis set 6-31G(d) was
used for elements Na, Ca, C, H, and O, while the basis set LANL2DZ was
used for the element Sn.18,19 A subsequent frequency calculation was
performed to verify the absence of imaginary vibration modes to confirm
that the system is in a stable/metastable state. An effective core potential
LANL2DZ was used for Sn. The geometry was further optimized in water
using the continuum solvation model SMD.20 The electronic energy was
refined using a B3LYP single point with the basis set 6-311+G(d,p) for
elements Na, Ca, C, H, and O, and basis set LANL2DZ for Sn.21 The solvation energy was computed using a B3LYP/6-31G(d) single point with
SMD for water (ε≈78.36).

4. Results and Discussion
The hydrolysis Gibbs free energy in kcal mol-1 and HOMO-LUMO gap in eV
are listed in Table 1 for each of the nine clusters investigated. The more
stable clusters should exhibit a relatively low hydrolysis Gibbs free energy
and a relatively large HOMO-LUMO gap. In our case, the stability ordering
is evaluated by the hydrolysis Gibbs free energy. The HOMOLUMO gaps
are too close in energy to conclusively determine the isomer stability ordering, but rather used to support the results from the Gibbs free energy.
The uniqueness of the tin-oxo Keggin system is that it prefers the less
symmetric isomers, β and γ. To our knowledge, no other Keggin cluster
systems have been discovered where the β and γ isomers are the most
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Table 1. Hydrolysis Gibbs free energy (kcal mol -1) and HOMO-LUMO gap (eV) of uncapped and capped Na-Sn clusters.

stable. Traditional polyoxometalates like the W- and Mo-Keggin clusters
prefer the α and β isomers.22 The Al-Keggin and Sb-Keggin favor the
ε isomer.12,23 And the Cr-Keggin has been recently synthesized as the
δ-isomer.24,25 A visual guide for the joint results of the four synthesis
strategies (bolded values) and the relevant isomer energy differences
are shown in Figure 3. The hydrolysis Gibbs free energy differences
between the uncapped clusters are similar in magnitude to previously
reported polyoxometalates.26,27 Synthesis strategy I produced a mixture
of uncapped β-NaSn12 and γ-NaSn12 clusters, as shown in Figure 3.9 The
calculated relative instability of the uncapped α-NaSn12 compared to the
uncapped β-NaSn12 and γ-NaSn12 is in accordance with our experimental
results, such that it has not been experimentally observed.9 We hypothesize that the reason γ-NaSn12 is 10 kcal mol-1 more unstable than β-NaSn12
is due to the electrostatic repulsion from the Sn-Sn edge-sharing distance
being 3.26 Å, while the Sn-Sn corner-sharing distance is ~3.4-3.5 Å.9
Synthesis strategy II performed by Saha et al. in 2017 produced a charge
neutral single-capped β-NaSn13.5 However, authors found impurities of
uncapped NaSn12 and Sn12 (i.e. the ‘football’ cluster [(RSn)12O14(OH)6]2+,
R=alkyl) cocrystallized with β-NaSn13 in unknown quantities, as determined with ESI-MS and 119Sn-NMR. Results for this situation are shown
in Figure 3. The computational results performed in this study indicate
that single-capped β-NaSn13 is more unstable than uncapped β-NaSn12 by
37.5 kcal mol-1 and uncapped γ-NaSn12 by 27.5 kcal mol-1. One interpretation of these results is that a hydrolysis Gibbs free energy difference of
37.5 kcal mol-1 between a capped and uncapped system is not sufficient
to prevent the respective uncapped system from forming. We also note
that it is possible that specific isomers explicitly interact more strongly
with the solution, which would not be captured in our mean-field solvation approach.
Synthesis strategy III produced single-capped γ-NaSn13 with the presence of uncapped β-NaSn12.9 This result is indicated in Figure 3; the
isomers that are circled in bold are the isomers that were observed with
this synthesis strategy. The computational results indicate that singlecapped γ-NaSn13 is more unstable than uncapped β-NaSn12 by 33.8 kcal
mol-1 and uncapped γ-NaSn12 by 23.8 kcal mol-1. The cap on γ-NaSn13 yields
a short Sn-Sn distance of 3.15 Å. between the cap and the nearest tin,
which might destabilize the single-capped γ-NaSn13 by repulsion, compared to the uncapped γ-NaSn12.9 However, the uncapped γ-NaSn12 is not
observed. One analysis of these values is that a ΔGaq of 23.8 kcal mol-1
between a capped and uncapped system is in fact sufficient to prevent
the respective uncapped system from forming.

Synthesis strategy IV performed by Zhu et al. in 2019 produced
double-capped γ-NaSn14.10 Authors were able to use borate ligands to
stabilize the two capping butyltin, which in turn prevented isomerization in solution.10 It is possible that a more symmetric structure with two
caps rather than one allows for a more thermodynamically stable state.
The computational results performed in this study indicate that doublecapped γ-NaSn14 is more stable than uncapped β-NaSn12 by 55.1 kcal
mol-1 and uncapped γ-NaSn12 by 65.1 kcal mol-1, as is shown in Figure 3.
It seems that since this double-capped γ-NaSn14 is more stable than its
uncapped counterpart, it dominates in solution. Also, it is possible that
since double-capped γ-NaSn14 is 55.1 kcal mol-1 more stable than β-NaSn12,
it prevents uncapped-β from forming.
More structures in the Keggin cluster chemical space of Na-Sn need
to be synthesized and computationally modeled to truly determine the
influence of capping on the thermodynamic stability landscape. What is
the energy difference that defines the transition point between forming
a mixture of uncapped and capped Keggin clusters, and forming a pure
phase? For example, in synthesis strategy III, could uncapped β-NaSn12
have been prevented from forming if single-capped γ-NaSn13 had only
been 23.8 kcal mol-1 less stable? Computational tools can be employed
to tune the structure of single-capped γ-NaSn13 slightly to see if there
is room for improvement. If a variation of the single-capped γ-NaSn13 is
determined, new syntheses can be designed to create this system. This
would remove the need to double-cap the structure, and thus maintain
simplicity of the structure and a promising photoresist material for EUV
lithography. It should be noted that these energy differences are specific
to the level of theory, including the implicit solvation, employed in the
computational investigation.

5. Conclusions
The understanding of the fundamental lithographic mechanisms at play
during exposure of a Na-Sn Keggin photoresist, can be improved first
by exploring the tunability of this Na-Sn Keggin system. Computational
results provided vital insight towards understanding the nature of this
unique system that favors the lower symmetry Keggin isomers, β and γ.
The successful collaborative accumulation of computational and experimental results confirmed that the Sn-Keggin clusters represent the only
Keggin ion family to this date that favors these lower symmetry isomers.
To prevent a mixture of isomers, strategic capping proved to be successful
when the hydrolysis Gibbs free energy differences were large enough.
Future work will focus on further probing this Sn-Keggin system’s possible
capping combinations and changing the central heteroatom.
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■ Semiconductor Makers’ Pricing is Based not just on
Quantities Ordered but also on “Capacity Rationing”
By Tom Petruno, UCLA Anderson School of Management,
Semiconductor Packaging News
A standard assumption in business is that you get a discount for buying in quantity.
But a study of business-to-business sales of IC’s seems to turn that thinking on its head.
In a surprising number of cases — about 26% of transactions studied over a three-year
period — the manufacturer charged more per chip for large quantities than for smaller
quantities of the same chip. One desktop computer chip sold for an average price of
$29.13 to small-batch buyers, while large-batch customers paid a hefty 54% more, or
$45.01 per chip.
Pricing decisions are based not just on the quantities ordered but also on “capacity
rationing.” The semiconductor market has short product life cycles and high capital investment
requirements and is subject to intense initial price negotiations. A chip producer needs a certain
number of large-quantity buyers to accelerate the selling process. Smaller-quantity buyers,
meanwhile, are needed to consume “residual” manufacturing capacity. Then the producer
needs to allow for mid-sized buyers to take up capacity that is too much for small buyers but
not enough for large buyers.
The chip industry’s selling regime differs from those of most other manufacturing sectors.
Many companies naturally seek to achieve maximum sales, and price their goods accordingly,
rewarding bigger-volume buyers with discounts if feasible. But in the case of semiconductors,
manufacturing facilities are costly and construction lead times are long, while capacities are
inflexible during a selling season.
There are some industries that do the same, such as the travel industry, where airline
companies and hotels have limited capacities and these capacities have to be sold within a
limited period. Customers in these industries include bulk buyers such as travel agencies and
resellers who purchase different quantities and negotiated prices. Other examples may include
movie theaters, concerts and sports events.

■ Monitoring for Excursions in Automotive Fabs
By David W. Price, Jay Rathert, and Douglas G. Sutherland, Kla Corp.,
Milpitas, CA
Semiconductor fabs that make automotive ICs offer service packages to ensure that the chips
meet the stringent reliability requirements. But excursions are inevitable, as they are with any
controlled process. Recognizing this, automotive semiconductor fabs create a comprehensive
control plan to detect all excursions and keep “maverick” wafers from escaping the fab due
to undersampling. It will clearly indicate which wafers are affected by each excursion so that
they can be quarantined and more fully dispositioned – thereby ensuring that non-conforming
devices will not inadvertently ship.
The control plan of an automotive service package will require much more extensive
inspection and metrology than the control plan for production of ICs for consumer products.
The fabs use approximately 1.5 to 2 times more defect inspection steps with more frequent
sampling for automotive flows with additional sensitivity to capture the smaller defects that
may affect reliability. The combined impact of these factors results in the typical automotive
fab requiring 50% more process control capacity than their consumer product peers. As a
result, if there is a defect excursion, it will be found much more quickly in the automotive flow.
This limits the lots at risk: a smaller and more clearly defined population of lots are exposed
to the higher defect count, thereby helping serve the traceability requirement. The excursion
lots are then quarantined for high-sensitivity inspection of 100% of the wafers to disposition
them for release, scrap, or a downgrade to a non-automotive application.
The additional inspection points in the automotive service package have the added benefit
of simplifying the search for the root cause of the excursion by reducing the range of potential
sources. Fewer potential sources help speed effective investigations to find and fix the problem.
Counterintuitively, the increased number of inspection points also tends to reduce production
cycle time due to reduced variability in the line.
One risk is that, because each wafer may take a unique path through the multitude of
processing chambers in the fab, the sum of minor variations and marginalities across hundreds
of process steps can create “maverick” wafers. These wafers can easily slip through a control
plan that relies heavily on sub-sampling, allowing at-risk die into the supply chain. To address
this issue, many automotive fabs are adding high-speed macro defect inspection tools to
their fleet to scan more wafers per lot. This significantly improves the probability of catching
maverick wafers preventing them from entering the automotive supply chain.
www.semiconductordigest.com
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