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ABSTRACT: Given the need for advanced resist materials in view
of fast shrinkage of semiconductor node scaling, this work
demonstrates the lithography application of an organotin-based
cyclotrimeric species (Sn−CT) as a molecular resist for sub-10 nm
patterning using electron beam lithography (EBL) and helium ion
beam lithography (HIBL) techniques. While the resist has been
successfully used for patterning ∼15 nm line/space features and
∼9 nm discrete line features at a dose of 2.5 mC/cm2 using EBL,
∼15 nm line/space features were printed on silicon at a dose of 16
μC/cm2 using HIBL. Moreover, Sn−CT has also been used for
patterning complex features at a single nanometer regime such as
real-scale device designs at ∼7 nm structure on silicon. A
mechanistic study using X-ray photoelectron spectroscopy (XPS)
revealed the formation of Sn−O−Sn and Sn−OH networks along with the loss of carbon-based group(s) upon radiation exposure,
resulting in the generation of insoluble products in the exposed region, which becomes the basis of polarity switching and hence
pattern development. The resist was found to have good etch resistance with respect to silicon. Moreover, Sn−CT has been explored
as a good gap-filling material for silicon (Si) front-end devices and interconnects due to its low-κ dielectric (∼1.9) and high diffusion
barrier properties.
KEYWORDS: organotin resist, nanolithography, sub-10 nm patterns, pattern transfer, low-κ dielectric

■ INTRODUCTION
Reduction in the transistor size in advanced electronic devices
is highly essential in view of the current demand of the
semiconductor market.1,2 In this regard, nanolithography has
been proven to be an indispensable technique for high-volume
production of nanochips.3−8 It plays an important role in
advancing next-generation integrated circuit (IC) chip
fabrication. Recent chip fabrication technology is progressing
toward the fabrication of 5 nm node or below with the help of
extreme ultraviolet lithography (EUVL).9 Hence, the era
demands single-nanometer technological nodes which further
require suitable resist materials that can print features at sub-10
nm regime through a single exposure, although their
development is truly challenging.10−15 In recent times, resist
compositions comprising inorganic or organometallic species
with resolution potential at the single-nanometer regime and
high etch resistance capabilities even with thickness below 20
nm have drawn special attention.13−15 For sub-10 nm
patterning applications, it is desirable that the film thickness
should be less than 20 nm to avoid pattern collapse.7,8 Also,
developing an understanding of the mechanistic aspect of
polarity switching of inorganic resist during exposure is an
important area as it helps in designing new resist platforms

with better performance at a single nanometer regime.15−20

Among various types of inorganic resists, some tin-based
compositions are being considered to have the potential to
meet the current demand.11,19,21−26 In reality, some spin-on
type tin-based inorganic resist formulations have been proven
to have potential for advanced node applications.27,28 More-
over, as per the recent developments, a few inorganic resists
have been shown to have true potential for patterning at a
single nanometer regime with a very good pattern profile.9−13

However, the number of such materials is truly limited. Herein,
we demonstrate the potential of an organotin-based cage-like
network (Sn−CT)29 as an inorganic resist system for sub-10
nm patterning (Figure 1). In general, at the developmental
phase, the resists for EUVL are often screened initially with
electron beam lithography (EBL) and helium ion beam
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lithography (HIBL) to evaluate the patterning poten-
tial.21−26,30−48

While the market of semiconductor industries is sky-
rocketing, the need for resist compositions for low-cost and
efficient patterning of advanced node device architecture,
particularly nanopatterning at a single nanometer regime, is
quite evident.3,4 Owing to their importance in specialized
applications, the cells of memory devices need complex metal
interconnect features.49

It is to be noted that the fabrication of advanced CMOS
devices involves complex processes, wide-ranging advanced
materials, and technologies, particularly considering current
trends and market demand. In this line, low-κ dielectric gap-
filling materials for interconnect applications are very
important.50−52 In modern CMOS circuits, parasitics from
interconnects pertaining to the resistance-capacitance (RC)
delays and crosstalk reduction between multilevel intercon-
nects are increasingly becoming important to achieve higher
speed and lesser power consumption.50 Hence, novel alternate
interlayer dielectric (ILD) materials, compatible with low
resistivity copper (Cu) interconnects must be explored for the
next-generation (NG) technology nodes.53

Herein, we present the experimental results on Sn−CT as
high-resolution resist with successful patterning of ∼15 nm
dense (line/space) features as well as patterns with ∼8 nm
critical dimension (CD) at an EBL dose of 2.5 mC/cm2.
Furthermore, we have successfully patterned ∼15 nm dense
features (line/space) as well as ∼10 nm line features at a low
dose of 16 μC/cm2 using HIBL. Given the importance of
complex nanofeatures for specialized applications such as hard
mask fabrication for lithography, nanoelectronic devices,
photonic devices, and bit-patterned media for high-density
recording,21,30,54−56 Sn−CT has been explored for patterning
various complex features at a sub-10 nm regime including a
real-scaled device design49 with ∼7 nm CD. In addition, we
investigated using XPS spectroscopy the possible mechanism
of polarity switching of Sn−CT during exposure.57−60 Sn−CT
showed good etch resistance as compared to silicon and has
been used for pattern transfer at the nano-regime. With the
promising outcome from the nanopatterning experiments
using the Sn−CT resist, we investigated its potential to be
used as a low-κ dielectric gap-filling material for device
interconnect applications. Interestingly, the exposed Sn−CT
showed very good dielectric properties with κ = ∼1.9 (100 to
500 kHz) measured by metal oxide semiconductor (MOS) CV
characterization. Hence, Sn−CT can be used as a promising

material for dual application in manufacturing electronic
devices with advanced nodes.

■ RESULTS AND DISCUSSION
Sn−CT was synthesized following a modified literature
procedure (see ESI for details).29 The formed Sn−CT cage
was characterized by nuclear magnetic resonance (NMR) and
Fourier transform infrared (FTIR) spectroscopies. In FTIR, it
showed peaks at 3030 (Ar−H), 2961 (C−H), 1620
(aromatic), 1590 (carbonyl), 1536 (aromatic), 1408 (carbon-
yl), 615 (O−Sn−O), 590 (Sn−O), and 532 (Sn−C) cm−1. All
characterization details are provided in the Supporting
Information. The compound Sn−CT showed good thermal
stability as established from thermogravimetric (TGA) and
differential scanning calorimetric (DSC) analyses. The Sn−CT
was stable up to ∼260 °C whereas DSC analysis showed a
melting temperature at 256 °C (Figure S1a,b).
After the complete characterization of Sn−CT, we started

investigating its film-forming and patterning potential. To start
with, the thin film of Sn−CT was spin-coated on the p-type
silicon (100) wafer substrate, and then, the thin film
characteristics were studied. The smooth and defect-free thin
film of Sn−CT was observed under an optical microscope
(Figure S2a) which was also supported by its AFM image
(Figure S2b,d−f). The calculated root means square (RMS)
value supported (Rq = 0.84 nm) the formation of the smooth
film. The thin film of Sn−CT was then exposed to deep
ultraviolet lamp (DUV; λ = ∼254 nm) with a power of ∼1
mW/cm2 for 4 min (∼240 mJ/cm2) followed by post-exposure
bake at 110 °C for 90 s. Then, the patterns were developed
using a combination of methyl isobutyl ketone (MIBK):
isopropyl alcohol (IPA) (3:1) as the developer. After that, the
patterns were studied under an optical microscope and AFM
(Figure S2c,g−j). The optical image of developed negative
tone patterns depicted the formation of patterns (line and
square patterns) with line widths of ∼3−15 μm. Sn−CT
showed negative tone resist characteristics under DUV
irradiation (Figure S2h−j) which encouraged us to further
explore Sn−CT as a resist material for advanced nano-
lithography applications. However, before moving to nano-
lithography applications, we intended to gain insights into the
mechanistic aspects of polarity switching upon exposure to
radiation which becomes the basis for negative tone pattern
development.
Mechanistic Study for Pattern Formation. Given the

promising potential of Sn−CT as a resist material, we adopted

Figure 1. Schematic of lithography process flow and performed micro/nanopattern formation on the silicon substrate. Sn−CT: Molecular structure
of the cyclic organotin-based resist.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.2c04831
ACS Appl. Nano Mater. 2023, 6, 4132−4140

4133

https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c04831/suppl_file/an2c04831_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c04831/suppl_file/an2c04831_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c04831/suppl_file/an2c04831_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c04831/suppl_file/an2c04831_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c04831/suppl_file/an2c04831_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c04831?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c04831?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c04831?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c04831?fig=fig1&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c04831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


X-ray photoemission spectroscopy (XPS) to analyze the thin
films of Sn−CT before and after exposure for mechanistic
investigation. After spin coating the thin film of Sn−CT
(thickness ∼20 nm) on the silicon surface, the film was flood-
exposed with DUV photons (∼254 nm) and subjected to X-ray
spectroscopy. In C 1s spectra, as shown in Figure 2, we found
that the most intense component at 284.8 eV corresponds to
carbons (butyl groups and aromatic carbons) in Sn−CT.
Other components were found at 286.6 and 288.8 eV which
correspond to C−O and −COOH carbons. After the DUV (λ
= ∼254 nm) exposure (dose ∼300 mJ/cm2), a decrease in the
intensity of the peak at 284.8 eV was noticed, and at the same
time, the peaks for C−O and −COOH carbon showed little
enhancement in their peak intensities (Figure 2). It has been
established earlier that the Sn−C bond dissociates homolyti-
cally upon radiation exposure and suffers oxidation in the
presence of atmospheric oxygen.57−59 Thus, the decrease in
intensity of the peak at 284.8 eV could be attributed to carbon
loss while the corresponding increase in C−O and COOH
carbons is due to the further oxidation of the dissociated
carbon chain species.
The O 1s spectra of the unexposed Sn−CT film showed two

components at 532.2 and 533.9 eV, which were accredited to
the Sn−OOC/OC group and OH/moisture.57,58,60,61 After
exposure, the overall increase in peak intensity could be
ascribed to the additional formation of Sn−OH groups and
Sn−O−Sn linkage. As stated above, after the carbon loss, the
bare Sn will get oxidized to Sn−OH species; however, the
condensation of some of the Sn−OH groups to Sn−O−Sn is
highly possible.57 To get a deeper insight, the O 1s peak was
deconvoluted into three components evidencing Sn−O−Sn/
Sn−OH (531.2 eV), Sn−OOC/O−C (532.4 eV), and OH/
moisture groups (534.0 eV).60,61 An increase in the formation
of the Sn−O−Sn network upon radiation exposure was also
evident from the solubility transition of the Sn−CT film to
insoluble hardened film.

The major effect was observed in the Sn 3d spectra where
the spin-orbit-spin doublet for Sn 3d5/2 (487.1 eV) and Sn
3d3/2 (495.5 eV) showed a shift to higher binding energies
(BE), 487.5 and 495.9 eV, respectively. The shift in BE and
intensity for Sn doublets could be related to the change in the
environment of Sn species present in the sample after
irradiation. Additionally, the appreciable increase in the
intensity of Sn 3d peaks was possibly because of reduction in
attenuation from tin sites that were formed after the loss of the
butyl group (Figure 2).19,57−59 The appearance of shake-up
satellite peaks has been discussed in the literature for electron
transition to unoccupied orbitals/bands from occupied
orbitals/bands.62 It could be assumed that in molecular
complex Sn−CT, which is composed of aromatic units, these
satellite peaks for electron transition between occupied and
unoccupied orbitals are observed. Upon irradiation, as Sn−CT
underwent structural changes, the molecular orbital structure
will also change. These structural changes might have led to
the disappearance of satellite shake-up peaks.
We have quantified the atomic composition of Sn−CT

before and after radiation exposure. The atomic percentage
(At. %) of carbon exhibited a noticeable decrease from ∼70 to
∼55%, which has been attributed to the butyl group loss,
whereas, a corresponding increase in O (∼25 to ∼36%) and Sn
(∼5 to ∼9%) was noted. The observable enhancement in the
Sn content signified the metal densification which helped to
obtain solubility transition properties by the Sn−CT film. All
these results allowed us to understand the solubility transition
of Sn−CT upon radiation exposure. These observations have
been presented in Figure S3 as a possible mechanism of
polarity switching mainly due to induced controlled
densification leading to the formation of an insoluble Sn−O
network resulting in a negative tone pattern.
Evaluation of Resist Sensitivity and Contrast in EBL.

Next, the spin-coated thin films (thickness ∼15 nm) of Sn−CT
were exposed to various doses of e-beam radiation from 0.01−

Figure 2. High-resolution XPS data for C 1s, O 1s, and Sn 3d; (a−c) before exposure; (d−f) after exposure.
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3 mC/cm2 followed by a postexposure bake at 110 °C for 90 s.
E-beam sensitivity (10−28 keV) of the Sn−CT resist was
evaluated by analyzing the developed square patterns using
AFM/SEM techniques. The sensitivity was evaluated from the
response graph (at half the normalized thickness, D0.5) (Figure
S4) and calculated to be 0.8 mC/cm2 (10 keV), 1.5 mC/cm2

(20 keV), and 1.9 mC/cm2 (28 keV) with the contrast of 1.79
(10 keV), 1.83 (20 keV), and 2.33 (at 28 keV), respectively.
The patterning capability was evaluated through line-and-

space (L/S) patterning where ∼15 nm and ∼20 nm half-pitch
dense patterns (∼15 nm, ∼20 nm L/S) were obtained (28
keV, dose 2.5 mC/cm2) (Figure 3a,b). It was observed that
Sn−CT is also capable of patterning complex mesh patterns
with line widths of ∼14 nm (dose 2.5 mC/cm2) (Figure 3c).
Apart from this, isolated ∼9 nm line patterns and ∼14 nm L/
2S patterns were obtained (Figure S5). To ascertain the
potential of Sn−CT as a resist material, complex patterns were
further developed. Owing to their importance in specialized
applications, the cells of memory devices need complex metal
interconnect features.49 We successfully demonstrated the
nanoprinting of device-like architecture, both at single and
double-digit regimes, on silicon surfaces using the Sn−CT
resist. The prototype patterns were analyzed by SEM imaging
which showed a line width of ∼25 nm (4 mC/cm2) (Figure
3d). Similarly, a device-like design with ∼7 nm (4 mC/cm2)
line width was also fabricated using Sn−CT (Figure 3e) upon
single exposure. Additionally, an array of nanopillar (11 nm
diameter nanopillar/dot arrays and ∼22 nm half-pitch with
dose energy 3.3 mC/cm2) features was developed (Figures 3f,
S5c). Moreover, additional complex features such as ∼8 nm
elbow patterns (dose 3.3 mC/cm2), ∼9 nm mesh grid, circular
grating with different width patterns, and starlike patterns were
developed on a silicon substrate (Figure S6). AFM images also
supported the formation of patterns (Figure S7). The LER/
LWR for ∼15 nm isolated line patterns were calculated and
found to be within the range of 1.8/2.8 nm. (Figure S8).
High-Resolution Pattern Development Using Helium

Ion Beam Irradiation. Furthermore, the patterning advance-
ment of the resist material was probed under a helium ion
beam (HIB, 25 keV). To determine the sensitivity of the resist

film, an array of 500 × 500 nm squares was patterned with a
variable dose array of HIB, and the developed patterns were
studied by SEM and AFM techniques. The sensitivity of the
resist at D0.5 was 4.8 μC/cm2 with a contrast (γ) of 1.85
(Figure S9). The sensitivity data indicated that higher dose
energy may be required to obtain defect-free patterns. The L/S
features were patterned using very thin resist film (∼15 nm
film thickness) and a combination of methyl isobutyl ketone
(MIBK)−isopropyl alcohol (IPA) (3:1) was used as a
developer. High-resolution SEM images of the formed patterns
have been shown in Figure 4. To further evaluate the potential

of Sn−CT, L/S patterns of different sizes such as ∼15 nm and
∼18 nm L/S as well as patterns of different line/spaces such as
∼14 nm L/2S and ∼10 nm L/4S were printed on the silicon
surface (Figure 4) using the HIBL technique.
Pattern Transfer Study. Transfer of printed patterns on

silicon surfaces with the help of a suitable etch recipe to
establish the real potential of a resist composition for practical

Figure 3. Patterning with Sn−CT using EBL: (a) FE-SEM images with characteristics of ∼15 nm (L/S); (b) ∼20 nm (L/S); (c) mesh with ∼14
nm width; (d) and (e) ∼25 nm and ∼7 nm device-like designs, respectively, and (f) ∼11 nm nanopillar/dot arrays.

Figure 4. Patterning of Sn−CT under HIBL: (a) FE-SEM images of
∼15 nm (L/S), (b) ∼18 nm (L/S), (c) ∼14 nm (L/2S), and (d) ∼10
nm (L/4S) features.
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application is very important in the area of resist technology.
The developed patterns (SEM and AFM images of ∼50 nm
isolated lines patterns, Figure S10) were subjected to RIE etch
for 150 s (sulfur hexafluoride (SF6) @22 sccm, 40 W RF
power at 15 mT chamber pressure) and AFM images were
captured to analyze the etch potential. The resulting silicon fins
had an average width of ∼50 nm and an average height of ∼90
nm (Figure 5). The effective etch rates were calculated for

silicon and Sn−CT to be ∼0.6 and ∼0.14 nm/s, respectively. It
is thus clear that the resist material remained as a hard mask on
the top layer of the silicon structures, and hence, successful
pattern transfer was possible (Figure 5).
Low-κ Behavior Study. Next, we became interested in

investigating if Sn−CT can be used as a low-κ dielectric gap-
filling material for device interconnect applications. In this
regard, metal−organic materials have been found to have the
potential to act as interconnect materials due to their
considerable low-κ dielectric constant (κ < 2.5) and
compatibility with CMOS processing.50 Given the possibility
of metal−organic materials for such applications, Sn−CT has
been explored as an interlayer dielectric for NG applications
due to its significantly low Cu diffusivity and dielectric
constant for interconnect applications.
To examine the thin Cu layer degradation, a thin (20 nm)

layer of Cu was deposited on Sn−CT (40 nm)/p-Si and p-Si
(reference sample), and sheet resistance change was measured
w.r.t. the reference sample at different temperatures. It is
evident from Figure 6a that the sheet resistance of Cu/Sn−
CT/p-Si and Cu/p-Si samples is stable up to 100 °C, and the
sheet resistance change in the Cu/Si sample is remarkably high

at 150 °C. This indicates that the thin Cu layer is degraded and
diffused into the underlying structure. In the Sn−CT sample,
sheet resistance variation was 60% less as compared to the Cu/
Si sample at 175 °C. This is attributed to the Sn−CT acting as
the barrier to Cu diffusion, thus avoiding Cu degradation up to
175 °C.
Next, we intended to verify the electrical barrier properties

at elevated temperatures. Hence, the Sn−CT formulation was
spin-coated on standard RCA cleaned p-Si wafers. The spin-
coated film was subjected to a pre-exposure bake at 95 °C for
60 s followed by UV flood exposure for 5 min (∼300 mJ/cm2)
followed by hard baking at 130 °C for 5 min which possibly led
to cross-linking of samples in the exposed area and resulting in
the formation of insoluble Sn−O−Sn network. After cross-
linking of resist, the Cu gate electrode was fabricated by using a
metal shadow mask. Thereafter, IV measurements were
performed between Cu/Sn−CT(ILD)/p-Si, as shown in
Figure 6b. The IV measurement was carried out at different
temperatures starting from room temperature to 175 °C. It is
observed that the leakage current density was significantly
reduced after sandwiching the Sn−CT and the leakage current
density was measured (∼100 μA/cm2) at 100 °C at a gate
voltage of 1 V, which is a noteworthy low current density as
compared to normal Cu/p-Si IV measurement. Apart from it,
no breakdown of Sn−CT was observed till 175 °C with voltage
swept up to 5 V s. For I-V comparison, another set of reference
samples was fabricated with Cu directly deposited on p-Si (see
Supporting Information Figure S11). Validation of low leakage
current is not sole enough to utilize the formulation for Cu
interconnect applications. Therefore, the dielectric constant
(κ) of the Sn−CT formulation was measured. The metal-
oxide-semiconductor (MOS) structures were fabricated on
RCA cleaned Si wafers. The aluminum gate electrode was
fabricated by using a metal shadow mask through thermal
evaporation. The low polarizability of the Sn−CT bonds in the
cross-linked framework directly relates to their dielectric
constant. The dielectric constant was measured from 10 kHz
to 1 MHz (κ value ∼1.8 to ∼2.2), with a minimal frequency
dispersion, as depicted in the inset of Figure 6b. However, the
κ value is consistent at ∼1.9 in the range of 100 to 500 kHz,
and the κ value <2.5 was measured overall. The variability of
the κ value is attributed to the intrinsic (dielectric relaxation)
and extrinsic (parasitic effects) causes.63,64 As evident from the
literature, Sn−CT can be considered among those which are
known as an efficient low-κ dielectric gap-filling material for
device interconnect applications (Figure S12).
Together, along with its promising potential to act as a resist

for sub-10 nm patterning including printing of complex device-
like design at a single nanometer regime, Sn−CT can also be
used as an efficient gap-filling low-κ dielectric material for
interconnect applications, indicating its capability for impor-
tant dual applications in the area of semiconductor fabrication.

■ CONCLUSIONS
To conclude, the propensity toward densification under
radiation (photon/e-beam/helium ion beam) exposure was
explored to utilize an organometallic tin-based cyclic molecular
cage compound (Sn−CT) as a negative tone resist material for
nanopatterning, particularly at a single nanometer regime. It
was established through mechanistic study on the single dose
DUV light exposed thin film of Sn−CT using XPS that the
simultaneous loss of the butyl group and the formation of Sn−
O−Sn as well as the Sn−OH network led to the densification

Figure 5. Morphology of the transferred pattern using Sn−CT resist:
(a) AFM image of ∼50 nm etched patterns; (b) 3D-AFM image of
∼50 nm etched patterns.

Figure 6. Sn−CT resist: (a) Normalized sheet resistance R(T)/R (25
°C), where R(T) is the measured sheet resistance at temperature (T),
and R (25 °C) is the measured sheet resistance at 25 °C of Cu/Sn−
CT/p-Si stack in comparison with Cu/p-Si at different temperatures
along with the measurement setup schematic (inset), (b) temper-
ature-dependent current density vs voltage, dielectric constant (κ) vs
frequency spectra (inset) for Al/Sn−CT/p-Si MOS devices.
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of the resist in the exposed region, resulting in the formation of
insoluble products (under the developing condition) which
becomes the basis of polarity switching. We successfully
patterned dense (L/S) as well as isolated features using EBL or
HIBL techniques. We patterned ∼20/∼18/∼15 nm L/S
features, ∼8 nm mesh structures, ∼9 nm isolated lines, and
many other different types of complex features. Moreover, we
could pattern a memory device-like design with ∼7 nm line
width upon single exposure. Also, the resist showed good etch
resistance with respect to silicon. In addition, we have shown
pattern transfer of ∼50 nm patterns on the silicon surface. All
these indicate the capability of Sn−CT to act as a resist for
nanolithography with practical applications. Moreover, not
only its promising nanopatterning potential, we also have
experimentally established that Sn−CT can be used as an
efficient low-κ dielectric gap-filling material for interconnect
device applications. Thus, Sn−CT has been investigated to
have a strong footing as a single material with two important
applications in semiconductor fabrication, both as resist and
low-κ dielectric gap-filling materials.

■ MATERIALS AND METHODS
Materials. 5-Hydroxyisophthalic acid, dibutyltin dichloride, and

propylene glycol methyl ether acetate (PGMEA) were purchased
from TCI chemicals. Methanol, isopropyl alcohol (IPA), and methyl
isobutyl ketone (MIBK) were purchased from Merck. Silicon wafers
were purchased from the Wafer World. All the materials were used
without any purification.
Material Characterization. NMR (Jeol-500 MHz) and FTIR

spectroscopy (Agilent carry 600) were used to characterize the
synthesized molecules. Thin films were examined by AFM
(Dimension Icon, Bruker) and field emission scanning electron
microscopy (FE-SEM, Gemini SEM 500, Zeiss, Germany) for surface
roughness and morphology. TGA and DSC (STA 449 F1 Jupiter,
NETZSCH) were performed in a nitrogen atmosphere at a scan rate
of 5 °C min−1. XPS was used to examine the chemical and electronic
states of Sn−CT (XPS, Nexsa base, Thermo Fisher Scientific).
Thin-Film Preparation. The freshly prepared solid powder

sample (20 mg) of Sn−CT was dissolved in 1 mL of PGMEA
using a vortex mixing for 10 min to ensure the powder is soluble in
PGMEA. The resulting solution was filtered using a syringe filter
(0.22 μm) to obtain a clean solution of Sn−CT. The solution was
then spin-coated on a silicon wafer (∼2 × 2 cm2) using a spin coater
(Laurell instrument, WS-650MZ-23NPPB).
Lithography Sample Preparation. All samples for electron

beam lithography were coated on p-type silicon wafers (∼2 × 2 cm2).
Silicon wafers were initially cleaned with ultrasonic wash in acetone
(15 min), methanol (15 min), and finally in IPA (15 min). Then,
nitrogen gas was used to dry the substrates. The Sn−CT was
dissolved in PGMEA with a concentration of 20 mg in 1 mL.
Approximately 15 nm thin film was prepared for the sensitivity test
(500 acceleration for 10 s, 7000 rpm for 45 s). The coated film was
subjected to pre-exposure baking at 95 °C for 60 s. The exposed films
were subjected to post-application baking at 110 °C for 90 s.
High-Resolution Pattern Development Using Electron

Beam Irradiation. The thin films of Sn−CT on a silicon wafer
were subjected to an electron beam for sensitivity studies and pattern
development. The exposure energy and beam current used in the
sensitivity investigation were 10, 20, and 28 keV at a 10 μm aperture.
Sn−CT thin films were then subjected to varying doses of e-beam
(Raith, e-Line PLUS) radiation ranging from 0.01−3 mC/cm2,
followed by 90 s postexposure baking at 110 °C. The exposed thin
films were then developed with MIBK: IPA (3:1) developer solution
for 60 s followed by IPA rinsing for 10 s. LER/LWR values have been
measured by using the SuMMIT software package (EUV Technology
Corp.).

High-Resolution Pattern Development Using Helium Ion
Beam Irradiation. Thin films of Sn−CT were exposed to various
doses of helium ion-beam radiation (Zeiss ORION NanoFab) of
energy 25 keV, aperture 20 μm, and beam current ∼0.255 pA to
demonstrate the potential of high-resolution nanopatterning of the
proposed resist. Next, post-exposure baking at 110 °C for 90 s was
carried out followed by developing in MIBK: IPA solution for 60 s
and IPA washing.
Plasma Etching. Silicon etching was performed with a Reactive

Ion Etching (RIE) System (PlanarRIE-6S). The process conditions
were hard bake (130 °C for 5 min), 22 sccm SF6 gas flow, and 40 W
RF power at 15 mT chamber pressure. The resist thickness was
measured using the AFM technique before and after the etching
procedure. Stripping of the residual resist was done with oxygen−
argon (50:50) plasma and the AFM technique was used to measure
the height of the silicon features.
Electrical Characterizations. Electrical characterizations were

performed using a high-precision Keithley 4200 semiconductor
characterization system (SCS), with four source measuring units,
cascaded with four probe stations in the frequency ( f) range 10 kHz−
1 MHz. The κ-value was measured on fabricating the MOS stacks
using the formula κ = Cox × t/(ε0 × A), where ε0 denotes vacuum
permittivity and A denotes the area of top Al circular electrodes,
evaporated through a thermal evaporator at 1 × 10−6 mbar. t denotes
the average thickness of the Sn−CT layer extracted from AFM
profiling. Variable temperature I-V measurements were performed by
using the LINKAM LTS420E heating stage.
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