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ABSTRACT: We report a new photoresist based on a multinuclear tin-
based macrocyclic complex and its performance for extreme UV (EUV)
photolithography. The new photoresist has a trinuclear macrocyclic
structure containing three salicylhydroxamic acid ligands and six Sn−CH3
bonds, which was confirmed by multinuclear nuclear magnetic resonance
(NMR) and FT-IR spectroscopies and single-crystal X-ray diffraction
study. The resist exhibited good humidity, air, and thermal stabilities,
while showing good photochemical reactivity. Photochemical cross-
linking of the resist was confirmed by X-ray photoelectron and solid-state
NMR spectroscopic analyses. EUV photolithography with the 44 nm-
thick film on a silicon wafer revealed a line-edge-roughness (LER) of 1.1
nm in a 20 nm half-pitch pattern. The Z-factor, a metric that gauges the
performance of photoresists by considering the tradeoff between resolution, LER, and sensitivity (RLS), was estimated to be 1.28 ×
10−8 mJ·nm3, indicating its great performance compared to the EUV photoresists reported in the literature.
KEYWORDS: multinuclear tin complex, extreme ultraviolet (EUV), patterning, photoresist, nanometers, lithography

■ INTRODUCTION
In the semiconductor industry, the production of improved-
performance integrated circuits depends dominantly on the
resolution limit in photolithography. Reducing the wavelength
of light used in photolithography is imperative for attaining
high-resolution patterns, as shorter wavelengths of the light
source lead to higher resolution according to Rayleigh’s
criterion.1,2 Hence, to attain higher resolution in the process of
photolithography, the wavelength of the light source has
progressively decreased over time. Recently, photolithography
systems based on extreme ultraviolet (EUV) with a wavelength
of 13.5 nm have received significant attention for the high-
resolution and high-volume manufacturing of integrated
circuits by semiconductor chip makers.2−4 According to the
Institute of Electrical and Electronics Engineers (IEEE), the
final resolution target of EUV lithography with high-numerical
aperture (0.55 NA) scanner is set to sub-10 nm.5

Photoresists are light-sensitive materials that undergo a
chemical change when exposed to light, permitting them to be
selectively removed away or remain during a subsequent
developing step. Photoresists play a particularly important role
in EUV photolithography. Namely, the energy (92 eV) of EUV
light is higher by 14 times than that of a deep ultraviolet
(DUV) source (e.g., ArF with 6.4 eV). Considering that the
number of photons is inversely proportional to the energy, the
EUV scanner generates the probabilistic distribution of
photons, which causes a photon shot noise problem and has

an adverse effect on critical dimension (CD) and line-edge
roughness (LER) of patterns.6,7

Figure 1a compares the photoresist characteristics between
chemically amplified resist (CAR)-type polymer resists, metal-
oxo clusters, and molecular organometallic resists for EUV in
the context of the size of the unit particle and the RLS tradeoff
relationship, which encompasses sensitivity, resolution, LER,
and etch resistance.8 The traditional CAR-type polymer
photoresists require a photoacid catalyst that facilitates the
chemical reaction upon photoirradiation. The use of photo-
acids helps avoid the problem of photon shot noise, enabling
effective utilization even at lower doses.9 However, CAR
photoresists have limitations in achieving nanopatterning with
EUV lithography.10−12 Among others, (i) due to the large
diameter of free gyration of polymer (around 2−10 nm)13−16
and (ii) acid diffusion,17 sub-20 nm patterning with sharp
contrast is difficult to achieve. (iii) During the postexposure
baking (PEB) step before the developing process, acid
diffusion mechanisms are accelerated and cause bridging or
pinching failure patterns, thereby increasing LER.18 (iv)
Traditional CAR-type polymer photoresists that are composed
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of organic matters exhibit poor etching resistance, thereby
making it difficult to produce low-aspect-ratio nanopat-
terns.13,15,17,19−22

To overcome the problems arising from the intrinsic
properties of the conventional photoresist materials, metal
atoms such as Sn, Hf, Bi, Zn, In, Zr, Cu, and Cr, which exhibit
high absorption coefficients over EUV, have been recently
incorporated into organic ligands to afford efficient photo-
resists of small-molecule coordination complexes25−33 or
nanoclusters.34−43 The size of unit particles in the new
materials is smaller and/or more uniform than that of the
CAR-type polymer photoresists, making the coordinative
materials promising for the next-generation EUV photo-
resists.11,44,45 Studies involving organometallic resists in a
small-molecule form have depended mostly on single metal
centers. Figure 1b depicts the typical EUV-photochemical
reaction mechanism of organometallic photoresists containing
metal−carbon bonds. Upon irradiation of EUV, the high-
energy photons excite the core electrons, ejecting photo-

electrons (PE), which subsequently diffuse and interact with
the neighboring atoms to produce secondary electrons (SE).
These processes continue until low-energy electrons (LEEs)
with energies below 20 eV are generated.23,24,46−49 The LEEs
cause a dissociative electron attachment (DEA) reaction,
leading to ionization of the photoresist, dissociation of weak
bond (usually, Sn−C bond in a tin-based organometallic
moiety), and cross-linking between the resulting radical
species.50−52

Despite stimulating studies that utilize small-molecule metal
complexes for efficient EUV photoresists, the best is yet to
come. While individual small-molecule metal complexes
usually contain one reactive metal center for cross-linking
reaction and may require high doses,25,53 It is hypothesized
that multinuclear metal complex photoresists, which are
between the small molecules and nanoclusters in size, would
undergo multiple cross-linking reactions in a molecule and 3D
interconnection with the neighboring molecules. A larger
fraction of a multinuclear macrocyclic complex would undergo

Figure 1. (a) Relationship between the RLS tradeoff and types of wet photoresists. See the texts for detailed explanations (CAR: chemically
amplified resist; MORE: molecular organometallic resists for EUV).8 (b) Proposed mechanism of organometallic photoresists under EUV photon
exposure (PE: photoelectron, SE: secondary electron, LEE: low-energy electrons (<20 eV),23,24 DEA: dissociative electron attachment).
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a cross-linking reaction since there are fewer molecules per
volume, due to the large size of the macrocyclic structure with
multiple metal centers. Therefore, it is anticipated that
multinuclear complex resists may offer improved photo-
sensitivity (i.e., lower doses for the solubility transition).
We herein investigate the photoresist performance of a

macrocyclic multinuclear tin complex in EUV lithography. A
trinuclear tin complex was synthesized by a one-step reaction
between dimethyltin oxide and salicylhydroxamic acid for
metal precursor and ligand, respectively. The structure of the
resulting complex was characterized with 1H, 13C, and 119Sn
NMR spectroscopies, FT-IR spectroscopy, and single-crystal
X-ray diffraction; the photochemical reaction of the corre-
sponding film was studied by solid-state NMR and X-ray
photoelectron spectroscopies. The thermal, air, and humidity
stabilities of the new photoresist were evaluated. Various
solvents and postexposure baking (PEB) temperatures were
screened for the development conditions. The lithographic
performance of the multinuclear complex resist was tested by
e-beam and EUV (using microfield exposure tool 5, MET 5, in
Lawrence Berkeley National Lab, LBNL) lithography. The
EUV experiment revealed that, at a dose of 132.3 mJ/cm2 and
a focus of −20 nm, the observed 20 nm half-pitch (hp) pattern
exhibited an LER of 1.1 nm, while the line-width roughness
(LWR) was measured at 1.5 nm.

■ BACKGROUND
Elements such as Sn, Sb, Te, Xe, and Cs and elements with
atomic numbers greater than 83 (e.g., At, Fr, Ra, Ac) exhibit
high photoabsorption cross-section values at a wavelength of
13.5 nm.54,55 Among these, Sn stands out as a particularly
advantageous choice due to its ease of handling and cost-
effectiveness. Sn has high atomic absorption cross-section
(1.09 × 107 cm2/mol) for photons with an energy of 92 eV.45

To our knowledge, two studies have thus far presented the
potential of multinuclear metal complexes for photoresists in
EUV or related photolithography. In 2023, Gonsalves and co-
workers56 have tested the performance of organotin-based
cyclotrimeric species for DUV (∼254 nm) lithography. They
conducted XPS analysis for the 20 nm thick film of the
compound before and after DUV exposure and observed the
removal of the butyl chain and oxidation of carbon atoms. The
oxygen contents increased upon DUV irradiation, attributed to
the photochemical formation of the Sn−OH and Sn−O−Sn
network. They showed a 10 nm line and 40 nm space patterns
with e-beam lithography using the organotin photoresist. In
2022, Ku and co-workers29 synthesized an organic framework
of phthalocyanines, and the resulting pores were subsequently
filled with Zn atoms. The framework structure exhibited good
chemical stability and photochemical reactivity, thereby
enhancing the photosensitivity. While a 100 nm pattern with
200 nm space was successfully demonstrated in E-beam
lithography, EUV lithography afforded negative-tone patterns
with 40−50 nm feature sizes. However, the weak adhesion of
the photoresist to the Si substrate made it difficult to realize
straight-line patterns.

■ MATERIALS AND METHODS

Reagents
All reagents were used as supplied, unless otherwise specified.
Salicylhydroxamic acid (SHA, ≥98%) and dimethyltin oxide (≥95%)

were purchased from Sigma-Aldrich and TCI, respectively. Organic
solvents were purchased from Daejung and Sigma-Aldrich.
Instrumentation
Nuclear magnetic resonance (NMR) spectra were collected using a
Bruker biospin ASCEND-500 spectrometer (1H 500 MHz, 13C 126
MHz, and 119Sn 187 MHz). Chemical shifts in the NMR spectra were
calibrated with respect to the remaining signals from the non-
deuterated solvent (CD2Cl2, δ = 5.32 ppm in 1H spectra). FT-IR
spectra within the 500 to 4000 cm−1 range were acquired using the
attenuated total reflectance method with an FTIR spectrometer (IR
Affinity-1S, Shimadzu). X-ray photoelectron spectroscopy (XPS)
analyses were performed using a Thermo Scientific K-Alpha
photoelectron spectrometer with a monochromatic Al Kα source
(1486.6 eV) and a He I source. The Casa-XPS software was employed
to analyze the peak shapes in the core-level photoelectron spectra, and
a linear-type background correction was applied. The obtained XPS
spectra were calibrated by using the C 1s peak at 284 eV of
adventitious carbon. The high-resolution XPS peaks were deconvo-
luted by a linear combination function of Lorentzian (30%) and
Gaussian (70%). Cross-polarization magic-angle spinning nuclear
magnetic resonance (CPMAS-NMR) data were acquired on Bruker
400 MHz AVANCE III HD instrument (119Sn 149 MHz) using a 4
mm Bruker HX-MAS probe at Korea Basic Science Institute (KBSI)
western Seoul center. The position of the isotropic signal was verified
by performing experiments at a different spinning rate (12 kHz), and
the final CPMAS-NMR spectra reported in this paper were obtained
at a spinning rate of 14 kHz. Single crystal X-ray diffraction (XRD)
data were obtained by using a Bruker CCD diffractometer with
SMART and SAINT-plus software (Bruker). The X-ray radiation
source used was Mo Kα with a wavelength of 0.71073 Å.
Thermogravimetric analysis (TGA) thermogram was obtained by
heating from room temperature to 900 °C at a rate of 10 °C/min
under air conditions using Ta Instruments (SDT-650). The data for
thin film thickness were obtained using a J.A. Woollam (Alpha-SE)
ellipsometer. The angles of incidence were measured at 65°, 70°, and
75°. Our ellipsometry analysis was conducted over randomly selected
regions. E-beam lithography and surface imaging were performed
using a field emission-scanning electron microscope (FE-SEM, JSM
7001F, JEOL) and the Elphy Quantum software program. The EUV
tests were conducted using MET 5 at LBNL (CA, USA). The MET 5
lithography system utilized a 13.5 nm synchrotron light source, and
the numerical aperture (NA) was 0.55. The critical dimension-
scanning electron microscope (CD-SEM, S-9260A, Hitachi) was used
to measure the LWR of patterns; 32 randomly chosen points were
analyzed.

■ RESULTS AND DISCUSSION

Synthesis
A trinuclear tin complex (denoted as TTC) was synthesized by
modifying the previous method,57 in one step, using
dimethyltin oxide and salicylhydroxamic acid (SHA) (Scheme
1). See the Supporting Information for detailed experimental
procedures. Our macrocyclic resist was designed to have no

Scheme 1. Synthetic Scheme for the Trinuclear Macrocyclic
Tin Complex (TTC) from Dimethyltin Oxide and
Salicylhydroxamic Acid (SHA)
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Sn−OH group to improve the resistance to atmospheric
moisture while addressing the RLS tradeoff.58 In metal-oxo
cluster photoresists, the presence of metal-OH groups can
potentially result in condensation reactions during the heating
process, such as soft baking at temperatures around 70
°C.59−61

Characterization
We characterized the multinuclear complex with powder FT-
IR spectroscopy (Figure 2a). The free ligand (SHA) exhibited

a broad band at around 3037 cm−1 and multiple peaks at
around 1617 cm−1, indicative of the presence of the −OH
group and hydrogen bonding of the carbonyl group,62,63

respectively. After the reaction with the Sn precursor, the
following changes were observed. (i) The broad band of the
−OH group disappeared. (ii) A new peak corresponding to the
C−H stretching vibration emerged in the range of 2955−2855
cm−1.64−67 (iii) The carbonyl stretch peak was shifted slightly
to a lower frequency (1598 cm−1).66,67

Figure 2b shows the 1H NMR spectrum of the macrocyclic
complex (refer to Figures S1−S3 for the full spectra). The
proton resonance at 10.53 ppm corresponding to N−H of the
free ligand disappeared after the reaction while a new
deshielding peak at 13 ppm appeared.68 The methyl protons
were identified with the single peak at 0.85 ppm, and satellite
peaks arising from the interaction with the adjacent Sn atom
were observed with 2JSn−H of 80 Hz. The Lockhart and
Manders equation (eq 1) suggests that the coupling constant

(2JSn−H) between Sn(IV) and methyl group could be used to
estimate the C−Sn−C bonding angle (θ(C−Sn−C)):69

J J(C Sn C) 0.0161( ) 1.32( )

133.4
Sn H

2 2
Sn H

2=

+ (1)

According to eq 1, the θ(C−Sn−C) value in our macrocyclic
tin complex was revealed to be 130.8°, which implies a five-
coordinated tin complex. The chemical shift of 119Sn NMR
peak, −99.24 ppm (Figure 2c), fell within the range reported
for five-coordination tin compounds.70 These results are
consistent with the data obtained from single crystal X-ray
diffraction (XRD) (see below for details).
Single-Crystal XRD Study
The solid-state structure of TTC was analyzed with a single-
crystal X-ray diffraction study. See Table S1 for the detailed
result. As shown in Figure 3, TTC consisted of three Sn atoms

and three deprotonated SHA ligands, indicative of successful
synthesis of the desired macrocyclic structure. Three Sn atoms
displayed a five-coordinate structure with a distorted trigonal-
bipyramidal geometry. The Sn(1)−C(9) bond distance was
measured to be 2.110 Å; the bonding angle of C(9)−Sn(1)−
C(10) was 129.6°, consistent with the one (130.8°)
determined by 1H NMR analysis. The N(1)−O(5) bond
distance was 3.1 Å, falling within the typical range indicative of
N−H···O hydrogen bonding.71 The intramolecular hydrogen
bonding seems to enhance the stability of macrocyclic
structure.72 The other two Sn-SHA coordination moieties
also exhibited a similar structure.
Spin-Coating and Develop Process
The multinuclear complex was dissolved in toluene (2 wt%).
The resulting solution was filtered through a PTFE syringe
filter (0.2 μm) and spin-coated onto a 4 in. Si wafer at a speed
of 3000 rpm for 30 s. The coated wafer was prebaked at 130
°C for 90 s to remove residual solvent. According to
ellipsometry analysis, the thickness of our resist film was 44
nm with good uniformity. The uniformity was further
confirmed by AFM analysis, which revealed a root-mean-
square (RMS) roughness of 0.407 nm. The spin-coated wafer
was partially exposed to ∼254 nm UV light (4 W) for 3 h in air
and subsequently subjected to postexposure bake (PEB) at 180
°C for 90 s. The partially exposed photoresist film was
developed by immersing it in various solvents for 30 s. Figure
S4 depicts each of the steps, and Table S2 summarizes the
solvent test result. We chose PGMEA (propylene glycol
monomethyl ether acetate) as the developer for our photo-

Figure 2. (a) FT-IR spectra of salicylhydroxamic acid (SHA) and
TTC powder. (b) 1H NMR spectrum of the TTC. Insets show
splitting patterns and satellite peaks (*). (c) 119Sn NMR spectrum of
the TTC. Inset shows the singlet pattern.

Figure 3. (a) Top and (b) side views of the X-ray crystal structure of
TTC. For the sake of clarity, hydrogen atoms and solvent molecules
were excluded, except hydrogens on the nitrogen atoms. The labeling
and coloring schemes are as follows: green, dark blue, red, and gray
for Sn, N, O, and C atoms, respectively.
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resist. Figure 4a shows a photograph of the final film after the
development. As a negative photoresist, the unexposed area
was dissolved efficiently by the PGMEA developer while the
UV-exposed area remained. Ellipsometry analysis revealed that
the thickness of the film that was exposed and not exposed to
the UV light was 29.5 and 1.9 nm, respectively.

Solid-State Analysis of the Multinuclear Complex Resist
Film

We analyzed the film with X-ray photoelectron spectroscopy
(XPS) before and after UV irradiation. In the C 1s spectra
(Figure 4b), four components were observed at 283.5, 284.0,
285.5, and 287.2 eV, corresponding to Sn−C, C�C, or
adventitious carbon, C−O, and C�O. The O 1s spectrum of

Figure 4. (a) Photograph of TTC photoresist film after partial UV-exposure and development with PGMEA. The masked area was dissolved
efficiently by the developer. (b, c) High-resolution XPS spectra of C 1s and O 1s for TTC photoresist films before and after UV exposure. (d)
Comparison of the change in ratio of C 1s peak corresponding to Sn−C and C�C and Sn 3d peak, before and after UV exposure. “A” represents
the area of the blue (Sn−C or C�C) peak in the C 1s XPS spectra, while “B” represents the total area of the Sn 3d peaks in the XPS spectra
(Figure S5 in the Supporting Information). (e) Photographs of TTC powder before and after UV exposure, and the corresponding 119Sn CPMAS-
NMR spectra. Isotropic peaks are indicated by asterisks, and these isotropic peaks are magnified on the right side of each corresponding full
spectrum. (f) The proposed photochemical reaction mechanism of TTC under ambient conditions.
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the pristine film exhibited a dominant peak at 530.9 eV, which
was assigned to the Sn−O bond (Figure 4c).73 After UV
irradiation, the new peak at 529.8 eV, corresponding to the
Sn−O−Sn bond appeared. The peak at 533.4 eV correspond-
ing to the residual Sn−OH potentially induced by adsorption
of airborne adventitious water molecules,74,75 was not detected,
indicating good resistance of TTC over humidity. The peak at
529.8 eV corresponding to the Sn−O−Sn linkage appeared in
the O 1s spectrum after irradiation, indicating the occurrence
of a Sn−O−Sn network under UV exposure. Figure 4d shows
that the ratio of the total area of the Sn 3d peak to the blue
peak (Sn−C or C�C) area of C 1s increased from 5.5 to 9.3
after UV exposure of the TTC photoresist film. This increased
ratio was attributed to the dissociation of Sn−CH3 and loss of
the methyl substituents, presumably generating Sn radical
species and cross-linking between them to produce Sn−O−Sn
bonds (further supported by the new peak appearance in the O
1s XPS spectrum of Figure 4c). The Sn 3d spectrum
showcased a spin−orbit doublet with Sn 3d5/2 at 486.2 eV
and Sn 3d3/2 at 494.6 eV, presenting a difference of 8.4 eV
(Figure S5). These values suggest the + 4 oxidation state of Sn
atoms.76 No discernible alterations were observed in the Sn 3d
spectra before and after UV irradiation, indicating no
significant change in the oxidation states of the Sn atoms.
We also conducted FT-IR spectroscopic analysis over our resist
before and after UV exposure and found that the peak intensity
of the C−H bond was significantly reduced while the other
peaks remained nearly unchanged. In combination with the
XPS data of Figure 4b, we could assume that the methyl group
connected to the tin atom disappeared by the UV irradiation.
The solid-state photochemical reaction of TTC was further

characterized by solid-state NMR spectroscopy. Upon UV
irradiation, the color of TTC power changed from white to
light yellow (Figure 4e). The UV-exposed TTC powder was
insoluble in both water and organic solvents. We also observed
significant changes in 119Sn CPMAS-NMR (cross-polarization
magic-angle spinning NMR) spectra (see Figures S6 and S7 for
the full spectra). The pristine TTC power exhibited a single
peak at −99.78 ppm, which concurs with the chemical shift of
the solution NMR (−99.24 ppm in CD2Cl2). After exposure to
the UV light, three distinct peaks at −85.83, −103.88, and
−109.74 ppm were observed, indicating considerable change in

the coordination environment of Sn. Considering that the
chemical shift of 119Sn within the ranges of −210 to −400, −90
to −190, and 200 to −95 ppm is indicative of six-, five-, and
four-coordinated Sn atoms, respectively,69,70,77,78 the peak at
−85.83 ppm corresponds to the newly produced four-
coordinated Sn complex, while the coexistence of two distinct
five-coordinated Sn complexes is revealed by the other peaks at
−103.88 and −109.74 ppm. All the XPS and CPMAS-NMR
data and the observation of solubility change indicate the
photochemical activity of TTC and the occurrence of solid-
state cross-linking reaction by UV. Figure 4f shows the
proposed mechanism of the photochemical reaction of TTC
under ambient conditions.73

E-Beam Lithography
We tested the patterning ability of our multinuclear complex
resist using e-beam lithography for the pre-evaluation of EUV
lithography.79 The 44 nm-thick film of TTC on the Si wafer
was patterned using a 30 keV e-beam with a dose range from
95 to 1500 μC/cm2 and a 10 nm step size, followed by
development with PGMEA for 30 s to produce a 200 nm L/S
(100 nm line and 100 nm space) pattern. The minimal dose
that was sufficient for producing the desired L/S patterning
was 665 μC/cm2. Figure 5a−c shows SEM images obtained
with FE-SEM at the dose of 1500 μC/cm2. The pattern was
blurry, and the line-edge roughness (LER) of the pattern was
considerable as shown in Figure 5c, which could be due to
back-scattered electrons. To examine the effect of PEB, we
compared the pattern with an analogous one exposed to the
PEB at 180 °C for 90 s and developed with PGMEA. As shown
in Figure 5d−f, we observed enhanced contrasts and small
LER compared to the pattern developed without PEB, which
indicates the importance of PEB in improving the resolution of
the lithographic pattern.
EUV Experiment and CD-SEM Analysis
We further probed the performance of our macrocylic tin
complex by EUV lithography. The 44 nm-thick film was
prepared on 8 in. notch-type Si wafer. The EUV exposure was
performed using MET 5 from Lawrence Berkeley National
Laboratory (LBNL). The exposure focus bias was 20 nm, and
the dose was increased exponentially from 49.7 to 201.1 mJ/
cm2. A mask (IMO410298) provided by the LBNL was used
to form L/S patterns with various feature sizes. The PEB

Figure 5. FE-SEM images of 200 nm L/S patterns created using a 44 nm-thick TTC based photoresist film in e-beam lithography (1500 μC/cm2

dose and 10 nm step size with 30 keV e-beam). Panels (a−c) and (d−f) illustrate the patterns developed without and with the 180 °C PEB process,
respectively. Panels (b, e) are × 2 zoom-in view of the white rectangular regions in panels (a, d), respectively, while panels (c, f) present × 10
zoom-in of the white rectangular regions in the panels (b, e).
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condition was set to 130 °C for 90 s or 180 °C for 90 s. After
the EUV exposure, PGEMA was used as the developer for 30 s,
and hard baking at 150 °C for 5 min was carried out. The ADI
(after development inspection) with critical dimension-
scanning electron microscopy (CD-SEM) was used to
determine CD, LER, and line-width roughness (LWR) of
patterns. We found that the PEB condition was critical for
determining the minimum dose for patterning: the patterns
produced by PEB at 180 °C were much clearer than those by
PEB at 130 °C. The best shot was observed in the condition:
dose of 132.3 mJ/cm2, focus of −20 nm, and focus margin
from 0 to −40 nm.
Figure 6a−d presents CD-SEM images of the patterns

formed at various sizes under the conditions, with the insets

showing the secondary electron (SE) signals. Figure 6a depicts
L/S patterns corresponding to 50P100 (design CD = 50 and
100 nm pitch). The two intensive SE peaks were observed,
attributable to the edges of the trapezoidal pattern. The
trapezoidal structure probably resulted from the Fresnel
diffraction that occurs when light passes through a slit.75,76

As the pattern size decreased, only one round-shaped SE signal
was observed (Figure 6b−d). The CD-SEM analysis indicated
that the LER ranged from 1.1 to 1.9 nm. Particularly, the
smallest 20P40 pattern showed 1.1 nm LER, which is quite low
compared to the literature values.80−92 The LWR in the 20P40
pattern was determined to be 1.5 nm (the average value of
LWR was obtained from Figure S11 of SI), which is
comparable to or better than the values reported in the
literature.93−95 We observed a nonclear L/S pattern in the
16P32 region (design CD = 16 nm, 32 nm pitch) (Figure 6c).
The possible reason would be that, as depicted in the right
panel of Figure 6e, as the CD decreases, the edge peaks can
merge, resulting in a round shape.
Figure 7 presents a diagram summarizing the results of EUV

tests for previously reported PRs and TTC, in terms of LER,
half-pitch (HP), and sensitivity.80−92 The performance of the
photoresist could be gauged with the Z-factor, which is
calculated with eq 2:98

Z factor Resolution LER Sensitivity3 2 1= [ ] × [ ] × [ ]
(2)

The Z-factor is a metric used to evaluate the performance of
photoresists by considering the RLS tradeoff.79 The calculated
Z-factor value for our macrocyclic photoresist was 1.28 × 10−8

mJ·nm3, indicating good performance compared to the
reported photoresist materials (Figure 7). Generally, an aspect
ratio of below 2:1 is recommended for photolithographic
patterning. In this regard, we assume that our film was rather
thick (44 nm), and the 16P32 pattern has a bit higher aspect
ratio (2.8:1) than the ideal one. Hence, we anticipate that
decreasing the film thickness and minimizing the processing
time would lead to patterns of higher quality. TTC exhibited
noticeably low LER (1.1 nm), being comparable with that of
HSQ (hydrogen silsesquioxane, ∼1.5 nm).80 When compared
to the performances of the existing MORE in the literature, our
macrocyclic photoresist showed good resolution: the LER was
reduced by 21.4% in the 10% smaller line features, and the
sensitivity was improved by over 4.5 times.91 It is noteworthy
that given that the performance of photoresist can rely on not
only intrinsic properties of photoresist chemicals but also
specifications of EUV scanner equipment, the great perform-
ance of TTC might be due to any differences in photolitho-
graphic conditions across the studies (see Table S3 for the
differences). Further studies are required to clarify this issue.
Stability
The stability of a photoresist is an important issue for industrial
applications. For example, the good-performing photoresist of
HSQ has shown poor storage stability (5 °C storage, 6
months), hindering its practical application.99,100 To test the
storage stability, we left the TTC photoresist solution in the air
at room temperature for over 6 months, without light
shielding. 1H NMR spectroscopic analysis indicates no change
in the 1H NMR spectrum (Figure S8), indicating good storage
stability. Furthermore, the TTC powder exhibited great
humidity stability. As shown in Figure S9 in the Supporting
Information, after exposure of TTC to deionized water and
sonication for 2 min, no significant change in the 1H NMR
spectrum was observed. We also examined the thermal stability
of our multinuclear complex photoresist by conducting
thermogravimetric analysis (TGA) in the temperature range
from room temperature to 900 °C. The multinuclear complex
started to decompose at 218 °C, and the temperature of 5
weight loss percentage (wt%) was about 223 °C (Figure S10).
Beyond 535 °C, a constant weight of ∼48.4% was maintained,

Figure 6. ADI CD-SEM images of (a) 50P100, (b) 20P40, (c) 18P36,
and (d) 16P32 L/S patterns obtained from EUV lithography of TTC
film in the dose of 132.3 mJ/cm2. Insets show secondary electron
(SE) signals. (e) Schematic illustrating SE signals resulting from the
interaction between patterns and primary electrons in CD-SEM.96,97

(SWA: sidewall angle).

Figure 7. (a) Comparison of EUV photoresist performance between
our TTC and literature studies that have reported sub-30 nm feature
sizes, in terms of half-pitch (HP, nm), dose (mJ/cm2), and line edge
roughness (LER, nm). The gray arrows correlate the three factors
with photoresist performance and Z-factor (see eq 2 in the main
texts). (b) Plot of the Z-factor of the photoresists reported in the
literature and our one. We categorized the photoresists according to
the size of the unit particle. Table S3 in the Supporting Information
summarizes the data.80−92 The numbers in parentheses are the
references cited herein.
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which would be indicative of full oxidation of TTC to SnO2. In
addition, to determine the appropriate PEB temperature range,
whether the TTC photoresist undergoes thermal-induced
cross-linking without light irradiation was examined by baking
the spin-coating TTC film on a hot chuck at various
temperatures (from 130 to 210 °C). After baking, each spin-
coated TTC sample was partially immersed in PGMEA. We
found that cross-linking reactions are not initiated in the tested
temperature range, which indicates selective cross-linking in
the photochemical conditions, and not in the thermal
conditions, verifying the suitability of our PEB condition in
the development process (Figure S10). The thermal property
of TTC signifies that the multinuclear tin complex photoresist
can maintain its stability and functionality even during
semiconductor manufacturing processes conducted at high
temperatures, such as PEB (typically 70−150 °C) and other
related steps.

■ CONCLUSION
In this study, we synthesized a new macrocyclic multinuclear
tin complex and evaluated its photoresist performance. The
structure was confirmed in solution and solid states using
NMR, FT-IR, and single-crystal XRD. The photolytic reaction
of the new resist was probed with XPS and solid-state NMR
analyses. The photolithographic feature of the resist was
evaluated by a simple UV lamp in the lab, e-beam lithography,
and an EUV scanner in the synchrotron. In the EUV test
utilizing MET 5, we achieved successful nanopatterning with a
small Z-factor (1.28 × 10−8 mJ·nm3). The remarkably good
thermal, air, and humidity stabilities of the new resist make it
promising for practical application. The results presented
herein suggest that multinuclear complex photoresists can be a
new class of resists in the semiconductor industry utilizing
EUV photolithography.
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