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ABSTRACT. We evaluate the sensitivity and contrast of indium nitrate resists by analyzing
dose curves collected using electron beam lithography (EBL) and extreme ultraviolet
(EUV) exposure. Three electron beam energies are tested: 100 eV, 2 keV, and
10 keV, with the dose calibrated via Faraday cup measurements. Atomic force
microscopy measures the remaining resist height after EBL exposure and develop-
ment for each dose. Multiple dose curves are collected at 100 eV to obtain an
average contrast of 2.2� 0.7 and a sensitivity of 210� 100 μC∕cm2. Benchmarking
against an organotin-cluster resist (contrast of 0.9 and a sensitivity of 210 μC∕cm2)
shows that indium nitrate exhibits comparable sensitivity and contrast. A post-
exposure bake (PEB) condition of 90°C for 1 min produces a noticeable leftward
shift in the dose curve, corresponding to increased sensitivity. In addition, flood gun
EUV exposure demonstrates a solubility switch with a sensitivity of 21 mJ∕cm2 and
a remaining resist thickness of 14 nm without PEB, comparable to or better than tin-
based resists. The combination of high sensitivity, good contrast, and EUV response
highlights indium nitrate as a strong candidate for next-generation EUV lithography.
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1 Introduction
Extreme ultraviolet (EUV) lithography is among the most advanced optical lithography tech-
niques. It can achieve sub-10-nm resolution and support high-throughput manufacturing
processes.1,2 A major challenge in EUV lithography is identifying a resist that offers high sen-
sitivity and resolution while meeting stringent line-edge roughness requirements. Chemically
amplified resists, widely used in deep ultraviolet lithography, have underperformed in EUV
applications—among other things—because they predominantly contain carbon, which has a
smaller EUV absorption cross-section than metals.3

Inorganic metal-oxide-based resists have emerged as promising candidates for EUV
lithography.3,4 Metal elements, particularly those with filled 4d orbitals, exhibit large EUV
cross-sections, due to the interaction of d electrons with EUV photons.5 The most advanced
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commercially available inorganic EUV resists are organotin clusters commonly referenced as
SnOxo. They feature organic ligands that form a cage around tin atoms, chosen for their large
EUVabsorption cross-section.6,7 Upon development, SnOxo resists exhibit negative tone char-
acteristics, where the exposed regions remain and the unexposed areas are removed.6,7 Outside
of tin-based systems, recently, there have been some efforts toward metal-containing EUV
resists, including Pd/Pt organometallic resists that contain ligand complexes8 and infiltrating
trimethylindium into a conventional organic resist,9 both still include a large organic
component.

Indium, such as tin, possesses a high EUV absorption cross-section, and the nitrate ligand
contains no carbon, reducing the residual carbon content in the resist.3 We evaluate the potential
of indium nitrate hydrate films as EUV resists by measuring their sensitivity and contrast from
dose curves collected using electron beam lithography (EBL) and then EUV exposure. Three
electron beam (e-beam) energies are tested in EBL: 100 eV, 2 keV, and 10 keV, with the dose
calibrated via Faraday cup measurements. Atomic force microscopy (AFM) measures the
remaining resist height after exposure and development for each dose. We further collected
statistics on sample-to-sample variation by exposing indium nitrate resists at 100 eV to obtain
averages and standard deviations on these properties. We also evaluate the indium nitrates’ per-
formance by benchmarking the industry standard SnOxo. We perform a post-exposure bake
(PEB) study to determine the change in sensitivity. Lastly, we expose our indium nitrate sample
to EUV radiation. Our results show that indium nitrate is a potential high-sensitivity EUV lithog-
raphy resist.

2 Material and Methods

2.1 Fabrication of Indium Nitrate Hydrate Resist
Indium nitrate hydrate ðInðNO3Þ3 · xH2OÞ was purchased from Thermo Fisher Scientific (No.
010708), whereas the remaining chemicals were purchased from Sigma-Aldrich: 2-methoxy-
ethanol (2-MOE), 2,4-pentanedione (AcAc), and ammonium hydroxide (NH4OH). The indium
nitrate hydrate was stored in a N2 purge box, and the rest were stored at ambient environment.

The resist solution was prepared by dissolving 0.1 M of indium nitrate hydrate in 2-MOE for
24 h. Subsequently, 0.1 M of AcAc and 0.17 M of NH4OH were added to the solution and stirred
for 18 h at room temperature.10 This formulation is a combustion sol–gel approach in which
AcAc is the fuel and nitrate acts as the oxidizer, reducing thermal conversion temperature.11

The solution was filtered through a 0.22-μm Polytetrafluoroethylene syringe filter before
application.

Double-sided polished Si (100) wafers were cut to a 3.8 × 1.5 cm2 sample size. The Si
samples were scrubbed with cotton swabs using liquid detergent, acetone, isopropanol, and
deionized water and then subjected to a 20-min treatment in an ultraviolet ozone system
(BioForce Nanoscience, Virginia Beach, Virginia, United States).

The indium nitrate hydrate film was then spin-coated onto the Si sample at 3000 rpm for
30 s. Immediately after spin coating, the film underwent a post-application bake (PAB) on a hot
plate at 90°C for 2 min and ellipsometry measured the thickness at 24.7� 0.1 nm.

2.2 EBL and EUV Exposure
The EBL procedure utilizes a Raith 150 Two e-beam lithography tool. The beam for the EBL tool
is Gaussian, with a beam size in the order of 10 nm. The indium nitrate resist was exposed to
e-beam at different doses in a pattern of fifteen 5 × 5 μm squares. For these experiments, the step
size was 10 nm. Indium nitrate was exposed to 100-eV, 2-keV, and 10-keV electrons. The beam
current for the eight runs of 100-eVexperiments varied from 9 to 10.7 pA. The beam currents for
2 keV and 10 keV were 10.4 and 16.7 pA, respectively.

The EUV dose curve was performed using a flood-exposure Xe source (Energetiq, EQ10,
Wilmington, Massachusetts, United States) and a 200-nm Zr filter with mesh support to isolate
the 13.5-nm photons. The dose exposure range is from 0 to 50 mJ∕cm2, and each dose was
applied to 12 spots on the wafer. During exposure, the background pressure of the vacuum
chamber was 10−3 to 10−5 torr.
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2.3 Resist Development
After exposure, all samples were developed using a weak acid solution consisting of a 15:5:1
ratio of methanol:deionized water:acetic acid. The EBL-exposed samples, which were small,
were submerged in the developer for 5 s and immediately rinsed with deionized water. The
EBL-exposed SnOxo resist was developed for 5 s using Propylene glycol monomethyl ether
acetate. The EUV-exposed samples, which were 6-in. wafers, were developed using spin coating:
the weak acid developer was left on the wafer for 15 s before spinning at 1500 rpm for 30 s.

2.4 Characterization
Ellipsometry measurements of film thickness after PAB were carried out using a J.A. Woollam
M-2000DI spectroscopic ellipsometer, and analysis was performed using the CompleteEASE
software. Measurements were performed over a wavelength range of 190 to 1690 nm at incident
angles of 55, 65, and 75 deg. Film thickness was determined using a B-spline model constructed
from an initial Cauchy model fit of the transparent region of the film in the visible spectrum and
with enforced Kramers–Kronig consistency for optical constants.

After development, EBL-exposed samples were examined using an optical microscope
(Leica DM2500 M) equipped with a DFC450 camera. The thicknesses of the remaining films
were measured using AFM (Asylum Research MFP-3D). The thicknesses of the EUV-exposed
regions were measured using a spectroscopic ellipsometer (Woollam, M-2000X) and fitted using
a Cauchy model.

3 Results and Discussion

3.1 Resist Properties Obtained from EBL Dose Curves
EBL experiments were performed to collect dose curves at 100 eV, which enabled us to deter-
mine the sensitivity and contrast of the indium nitrate hydrate resist. Indium nitrate films were
exposed at 15 doses, ranging from 8000 to 10 μC∕cm2 [Fig. 1(a)]. Figure 1(a) shows that 13
squares are visible; the lowest dose that triggered some solubility switch is 40 μC∕cm2. To ana-
lyze the remaining resist thickness at each dose and construct a dose curve, we perform AFM
imaging on each square; an example is shown in Fig. 1(b). The bump features in the resist are
clusters of small crystals of indium nitrate hydrate salt.10 The remaining resist thickness is cal-
culated from the height histogram for each AFM image [Fig. 1(c)]. Gaussian curve fitting is used
to analyze the wafer height distribution (the peak at the lower height values) and the resist height
distribution (the peak at the higher height values). This fitting produces the mean values (height at
the peak maximum) and standard deviations (related to peak width). The thickness of the resist is
the mean of the resist height minus that of the wafer height, and the standard deviation is com-
puted using quadrature.

To construct a dose curve from these results, the height of each square is divided by the
maximum thickness t0, which is calculated by averaging the thicknesses measured for all doses
above 400 μC∕cm2. The normalized resist thickness t

t0
is plotted as a function of dose (D) on a

logarithmic scale [Fig. 1(d)]. These data are fit to a logistic curve of the form:

EQ-TARGET;temp:intralink-;e001;117;236

t
t0

¼ 1

1þ 10k·log10
D50
D

; (1)

where D50 is the dose at which the resist retains half of t0 and k is a constant. A tangent line is
drawn on the logarithmic plot at D50, where the slope of the fitted curve is at its maximum
[dashed line in Fig. 1(d)]. The intercept of this line with a normalized thickness of 0 occurs
at D0, the dose below which the exposed resist is completely removed during development.
The intercept between this line and the normalized resist thickness of 1.0 is D100, representing
the minimum dose where the resist retains its maximum thickness. The sensitivity for a resist is
D100, and the contrast γ is calculated using12,13

EQ-TARGET;temp:intralink-;e002;117;115γ ¼ 1

log10

�
D100

D0

� : (2)
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We then performed the 100-eV EBL dose curve experiments as in Fig. 1 on multiple indium
nitrate hydrate samples to examine sample-to-sample variation (Fig. 2). Each experiment was
performed on a different date or the same day using different samples. Table 1 summarizes the
results for the eight runs and the average contrast and sensitivity values. The contrast for indium
nitrate at 100 eV EBL exposures ranges from 1.5 to 3.4, whereas the sensitivity varies between
124 and 419 μC∕cm2. The average contrast is 2.2� 0.7, and the average sensitivity is
210� 100 μC∕cm2. Notably, four patterns were made in the 121523 run (labeled 121523-1,

Fig. 2 Eight dose curves for indium nitrate hydrate with 100-eV EBL exposure. Solid curves are fits
to Eq. (1).

Fig. 1 (a) AFM image of an indium nitrate hydrate resist patterned by EBL at 100 eV with 15 doses
(numbers in the squares, unit μC∕cm2). (b) Zoomed-in AFM image of a 5 × 5 μm square exposed
to 8000 μC∕cm2. (c) Height histogram of the AFM image shown in panel (b). (d) Normalized resist
thickness versus dose from 8000 to 10 μC∕cm2. Solid curve is the fit to Eq. (1). Dashed black line
indicates the largest slope of the fitted curve.
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2, 3, and 4). Variations in sensitivity and contrast are observed among these samples. Table 1
shows that t0 for each run ranges from 5.8 to 13 nm, and the average thickness for all eight runs is
10� 2.2 nm. These values can differ due to the subtle differences in environmental factors such
as humidity, as discussed by Grayson et al.10

3.2 Benchmarking with SnOxo
EBL dose curve according to Fig. 1 was also collected on SnOxo to benchmark the indium nitrate
resist (Fig. 3). Indium nitrate (black squares) exhibits a steeper logistic curve slope than SnOxo
(red diamonds), indicating higher contrast. The indium nitrate results are from the 021423 run,
which yields a contrast of 1.8 and a sensitivity of 124 μC∕cm2. The SnOxo dose curve exhibits a
contrast of 0.9 and a sensitivity of 210 μC∕cm2. These two dose curves are compared because
they were exposed and developed on the same day. Although the t0 for the SnOxo resist is larger
than that of the indium nitrate for run 021423 (11 versus 6 nm), it is comparable to the average of
t0 for all indium nitrate runs, 10� 2.2 nm (Table 1). When comparing the average contrast and
sensitivity values in Table 1, the indium nitrate resist demonstrates better contrast than SnOxo,
with similar sensitivity.

Previous reports on Sn-based resists show a wide variation in sensitivity under e-beam expo-
sure, ranging from 12 to >1350 μC∕cm2.14 The highest sensitive resist displayed a 12-μC∕cm2

Table 1 Summary of contrast, sensitivity, and thickness from eight
100-eV EBL dose curves for indium nitrate.

Date of
experiment

Contrast
γ

Sensitivity D100
(μC∕cm2)

Thickness
t0 (nm)

021423 1.8 124 5.8

050423 1.8 304 12

121523-1 2.2 189 12

121523-2 1.9 197 13

121523-3 3.1 156 10

121523-4 3.4 145 10

122123-1 1.5 419 9.1

122123-2 1.8 146 11

Average 2.2 ± 0.7 210 ± 100 10 ± 2.2

Fig. 3 100-eV EBL dose curves for indium nitrate (black squares) and SnOxo (red diamonds).
The normalizing thicknesses are 6 nm for indium nitrate and 11 nm for SnOxo. Solid curves are
fits to Eq. (1).
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sensitivity for an organotin carboxylate resist under 2-keV e-beam exposure.15 However, no
reports were made using e-beam energies comparable to EUV photon energy as we did here.

3.3 Different E-Beam Energies
Dose curves on indium nitrate hydrate films were collected using three EBL energies: 100 eV,
2 keV, and 10 keV (Fig. 4). Table 2 summarizes the results of Fig. 4. Dose curves were averaged
over two patterns made on the same sample. The maximum thickness measured was 10 nm for
both 100 eV and 2 keV, whereas the 10-keV exposure produced a thickness of 8 nm. As the
energy increased, there were noticeable changes in the dose curves. The contrast and sensitivity
for 100 eVand 2 keV exposures are similar, as seen in Table 2. However, at lower doses, around
10 or 20 μC∕cm2, the 2-keV exposure retains a non-zero thickness, which can be explained by
the larger electron penetration depth. The sample exposed to 10 keVe-beam exhibits the highest
contrast value of the three energies but has the lowest sensitivity at 420 μC∕cm2. We found that
2- and 10-keV dose curves are more repeatable, whereas 100 eV is more sensitive to the details
of the preparation process. We speculate that because 100-eV electrons mainly interact with the
top surface of the film,16 it may be more sensitive to surface chemistry. This observation is con-
sistent with previous reports on other e-beam resists, which attributed the decrease in sensitivity
at higher energies to fewer secondary electrons being produced per primary electron and the
primary electrons having less interaction with the materials due to the larger penetration
depths.16–18 Thus, indium nitrate resists behave similarly for electron energy below 2 keV.

3.4 PEB Effects
Figure 5 compares dose curves of indium nitrate with (red squares) and without PEB (black
circles). PEB was performed at 90°C for 1 min. Both samples were prepared on the same day
using the same indium nitrate sol–gel precursor solution. The samples were exposed to finer dose
intervals ranging from 2000 to 40 μC∕cm2. The EBL dose curves represent the average of three
patterns for both No-PEB and PEB 90°C samples. The samples exhibit differences in the maxi-
mum thickness, with the No-PEB sample measuring 14 nm, whereas the PEB 90°C sample

Fig. 4 Dose curves of indium nitrate resist measured at three different electron beam energies:
100 eV, 2 keV, and 10 keV. Solid curves are fits to Eq. (1).

Table 2 Contrast, sensitivity, and thickness for indium nitrate re-
sists exposed to three electron beam energies at 100 eV, 2 keV,
and 10 keV.

Contrast
γ

Sensitivity
D100 (μC∕cm2)

Thickness
t0 (nm)

100 eV 1.4 240 10 ± 2.2

2 keV 1.1 180 9.2 ± 0.1

10 keV 1.9 420 7.6 ± 0.1
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retained the original thickness of 24 nm after developing with weak acid. Table 3 summarizes the
sensitivity and contrast results. The no-PEB sample displayed a lower sensitivity of 535 μC∕cm2

and a sharper contrast, whereas the PEB 90°C sample demonstrated higher sensitivity, with a
value of 375 μC∕cm2. The PEB 90°C treatment resulted in the resist maintaining its original
thickness before exposure, and at lower doses, it showed a non-zero thickness compared with
the sample without PEB.

3.5 EUV Characterization
We also performed dose curve measurements on indium nitrate using a flood gun EUV source at
Intel (Fig. 6). The film was analyzed at various stages: before exposure (“as-coated”), after expo-
sure (“post-EUV”), and after development (“post-develop”). The “as-coated” data (black circles)

Table 3 Contrast, sensitivity, and thickness for indium nitrate re-
sists exposed to 100-eV electron beam and then undergoing no
PEB versus PEB 90°C.

Contrast
γ

Sensitivity
D100 (μC∕cm2)

Thickness
t0 (nm)

No PEB 4.7 513 14

PEB 90°C 2.5 375 24

Fig. 6 Thickness versus dose for post-PAB (as-coated, black circles), before development
(post-EUV, red squares), and after development (post-develop, blue triangles). The blue curve
is the fit to Eq. (1).

Fig. 5 100-eV EBL dose curves of indium nitrate resists that were not treated with PEB (no PEB,
black circles) and with PEB (PEB 90°C, red squares). Solid curves are fits to Eq. (1).
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refer to the indium nitrate resist after PAB. The “post-EUV” data (red squares) represent the
indium nitrate resist after exposure to different doses. The “post-develop” data (blue triangles)
show the remaining resist thicknesses after developing with unconverted resist removed.
The post-EUV resist (the red squares) shows that, after exposure, there is minimal shrinkage
for all doses (0 to 50 mJ∕cm2), but shrinkage increases with dose. As shown in Fig. 6, the
“post-develop” film exhibits a clear solubility switch. The contrast and sensitivity are 4.7 and
21 mJ∕cm2, respectively, with a maximum resist thickness of 14 nm remaining. This result
shows that the reaction happens within the resist film upon EUV exposure, but portions remain
unconverted and are only removed with the developer solution. The sensitivity of 21 mJ∕cm2 for
the indium nitrate resist is comparable to or even better than the reported values for the Sn-based
resists, ranging from 50 to 600 mJ∕cm2.7,19,20

4 Conclusion
This study characterizes indium nitrate resist properties through EBL and EUV exposure. We
use AFM to measure the remaining resist thicknesses of the EBL-exposed areas to form the dose
curves, which are analyzed using a logistic function to determine the resist’s contrast and sen-
sitivity. For 100-eVelectron beam exposure, the indium nitrate resist exhibits an average contrast
of 2.2� 0.7 and an average sensitivity of 210� 100 μC∕cm2, closely matching the performance
of SnOxo, which shows a contrast of 0.9 and a sensitivity of 210 μC∕cm2; 2-keV exposure
produces results comparable to 100 eV, whereas 10-keV exposure produces higher contrast but
lower sensitivity. PEB shifts the dose curve leftward with a higher sensitivity but lower contrast;
it also maintains the precursor resist’s thickness. Under EUV exposure, the resist showed a sen-
sitivity of 21 mJ∕cm2 with a contrast of 4.7, comparable or better than Sn-based inorganic
resists. These results suggest that indium nitrate is a strong candidate as an advanced metal-oxide
resist for EUV lithography.
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Code and Data Availability
The code for the resist height and dose curve analysis are provided on GitHub. The GitHub reposi-
tory can be found in the bullet point below. All scripts are written for the MATLAB software.

• The data presented in this article are publicly available on GitHub at https://github.com/
UTD-Hsu-Lab/Dose-Curve-analysis.

• The archived version of the code described in this paper can be freely accessed through
GitHub at https://github.com/UTD-Hsu-Lab/Dose-Curve-analysis.
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