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ABSTRACT: Amorphous zinc-imidazolate (aZnMIm) resists show
potential to meet the demands for next-generation high-numerical
aperture (high-NA) metal-containing extreme ultraviolet (EUV)
resist materials, given their ease of deposition by atomic/molecular
layer deposition (ALD/MLD) at thicknesses of 20 nm and below.
This study demonstrates that aZnMIm thin films, previously
identified as high-resolution electron beam resists, can also function
as negative-tone EUV photoresists. Water development achieves high
sensitivity (5 mJ/cm2) but leaves significant residue, while acetic acid
development results in poor contrast. A hybrid approach�water
followed by acetic acid�enables residue-free development with a
sensitivity of 181 mJ/cm2. Dry development using 1,1,1,5,5,5-
hexafluoroacetylacetone (hfacH) is also possible but shows lower
sensitivity (375 mJ/cm2) compared to wet development methods. EUV photoelectron spectroscopy (PES), reflectometry/EUV
absorption, total electron yield (TEY), residual gas analysis (RGA), and time-of-flight secondary ion mass spectrometry (TOF-
SIMS) were used to investigate the effects of EUV irradiation on aZnMIm resists. Reflectometry experiments reveal an aZnMIm
EUV absorption coefficient of 6.2 μm−1, while PES and TEY analyses show that, compared to poly(4-hydroxystyrene) (PHS), a
polymer-based reference resist, aZnMIm emits more primary and secondary electrons but generates fewer slow electrons relative to
its primary electron emission; its total electron yield is similar to that of poly(methyl methacrylate) (PMMA) resists. When exposed
to EUV, aZnMIm predominantly outgasses H2, as determined by RGA. TOF-SIMS measurements demonstrate that high-dose EUV
exposure only partially fragments the 2-methylimidazole (2MIm) organic linkers, unlike high-dose electron beam exposure, which is
known to completely degrade them. Additionally, aZnMIm resists show promise for potential beyond EUV lithography (BEUVL)
due to the presence of Zn, which provides higher sensitivity at a wavelength of 6.7 nm compared to other metal ions, such as Sn, that
are currently used in the best-performing EUV metal−organic resists. TEY measurements demonstrate that aZnMIm emits nearly
twice as many electrons as PHS at 6.7 nm. The BEUV TEY of aZnMIm also surpasses that of PMMA, poly(pentafluorostyrene), and
poly(4-iodostyrene), with the latter two being known for their high EUV TEYs. This work provides insight into zeolitic imidazolate
framework (ZIF)-based EUV and BEUV resists and highlights their potential for both wet and dry development.

■ INTRODUCTION
Microchips, which are crucial for powering modern electronics,
rely on the interplay of billions of transistors, each meticulously
fabricated through a series of intricate engineering processes.
Lithography is an essential process in the fabrication of
microelectronic devices. It uses a thin sacrificial layer, called a
photoresist or simply resist, typically deposited using solvent-
based spin-coating methods, to transfer integrated circuit (IC)
patterns to the surface of a semiconductor material of interest.
To sustain the demand for denser ICs, excimer lasers have
been replaced by plasma sources emitting extreme ultraviolet

(EUV) light (λ = 13.5 nm, 92 eV) because the use of shorter
wavelengths improves spatial resolution in patterning.1−3 In
the case of EUV light, radiation absorbed in exposed areas of
the resist produces primary photoelectrons, which lose energy
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and generate a cascade of low-energy secondary electrons
(LESEs, energies <20 eV).4,5 These secondary electrons
initiate reactions that enable pattern development, usually as
a result of solubility switching, which is then typically exploited
by washing the resist with solvents.5,6 State-of-the-art EUV
lithography (EUVL) is the current top-down lithographic
technology for creating the dense nanopatterns needed for the
miniaturization of components for efficient microelectronics.3,7

Shorter wavelengths at 6.7 nm and lower, called beyond EUV
(BEUV), have been proposed for next-generation patterning,
although there is no clear roadmap for implementation at this
time.8

Despite significant advantages and recent commercialization,
several issues potentially limit the further scaling of EUVL to
the high-numerical aperture (high-NA) regime supporting
direct patterning at the sub-22 nm pitch level.3 One of the
challenges is the design of resist materials that are sufficiently
EUV-sensitive.9,10 To address the low EUV sensitivity of
organic resists, there has been a shift toward inorganic or
hybrid inorganic−organic resist materials, such as metal-oxide
and metal−organic resists, that contain transition metals or
other metals with higher EUV optical density compared to
typical organic polymer-based resists.9,11 In addition to
increased EUV sensitivity, metal-based resists also lead to
improved resolution and other resist properties such as etch
resistance.6,10−15 Therefore, resist systems have emerged
containing metals such as Sb, Zr, Zn, Hf, In, and Sn16−25

incorporated as metal-oxo clusters and organometallic
carboxylates with polymerizable substituents,16,20,26−30 nano-
particles capped with organic ligands,9,31,32 metal-infiltrated
polymers,33,34 or low-carbon-containing metal nitrate hydrate
films.25 Notable high-resolution performance has been
reported for tin-oxo cluster-based resists of the type
[(RSn)12O14(OH)6]X2

20,30 and is attributed to the high
density of Sn atoms exhibiting strong EUV-photon absorp-
tion.35

Metal−Organic Frameworks (MOFs), which are a versatile
class of materials with applications in catalysis,36,37 gas
separation and sorption,38,39 sensing,40,41 and low-k dielec-
trics,42 have also recently shown potential as high-resolution
patternable metal-containing materials.19,43−48 As a subclass of
MOFs, Zeolitic Imidazolate Frameworks (ZIFs) stand out due
to their diverse topologies and compositions, which can be
synthesized through well-established solvothermal and vapor-
phase methods.49−53 In 2018, it was discovered that ZIFs
exhibit distinct dissolution behavior between irradiated and
nonirradiated regions, enabling their use in electron beam
lithography (EBL).43 Since then, both negative- and positive-
tone EBL patterning has been demonstrated in crystal-
line43−46,54 and, more recently, amorphous ZIFs.47,48

Metal-based resists have, however, encountered several
challenges, specifically with the transition toward high-NA
EUVL. Specifically, the Rayleigh depth-of-focus decreases
significantly with increasing NA, requiring thinner resists
(from ca. 30 to 15 nm or below) to maintain a well-focused
aerial image throughout the full resist thickness to produce
high-resolution, densely spaced patterns.55−57 As the thickness
of resist layers decreases, issues like resist inhomogeneity
stemming from natural molecular size, random density
fluctuations, and component aggregation and segregation are
magnified.55 Consequently, small molecular unit, metal-
containing resist materials exhibiting superior sensitivity and
resolution, minimal roughness, and facile homogeneous

deposition at an ultrathin scale must be developed to meet
the increasing stringent demands of the semiconductor
industry.15,55,58,59

In parallel to the urgent need for EUVL resists to meet
technological demands, increased emphasis to develop eco-
friendly manufacturing processes has stimulated efforts toward
all-dry resists, eliminating the need for aqueous and organic
solvents. Metal-based EUV resists can also be more environ-
mentally friendly materials, given that they generally do not
contain perfluoroalkyl and polyfluoroalkyl substances (PFAS)
present in organic polymer-based chemically amplified resists
(CARs). Moreover, all-dry metal-based resists have the
potential to remove the requirement for extra baking steps
and stabilization agents/adhesion promoters often required for
spin-coated resists, reduce pattern collapse caused by capillary
forces during wet development, and lower processing costs and
waste production by 5−10x due to the significant reduction in
the amount of solvent waste generated.21,22,44,46,48,60 The
advantages of dry over wet development processes become
even more significant as the demands for pattern resolution
continue to increase. Although dry development and etching
techniques based on plasma reactive ion etching (RIE) have
been explored, plasma etching requires a high etch resistance
of the photoresist and other materials present in the
microelectronic device.61 Consequently, selective, nonplasma-
based dry developing agents are required for continued
advancement of all-dry lithographic processing. Indeed, Lam
Research Corporation introduced one example of an all-dry
resist system in 202121−24 and demonstrated enhanced photon
absorption, reduced processing steps, higher yield, reduction in
pattern defects, as well as improvements in feature blurring and
the formation of complex high-aspect-ratio pillars.22,62,63 In
2022, Lam Research announced that SK Hynix Inc. had chosen
their dry resist technology for the production of advanced
DRAM chips,62 and in 2025, they announced that their dry
resist, now called Aether, was selected by another leading
memory manufacturer as a production tool of record to enable
advanced DRAM processes for high-volume manufacturing
(HVM).63 Their work has demonstrated that all-dry processes
are industrially desirable and feasible for EUVL-based
semiconductor HVM. Although lithography resists that can
be deposited and developed from the vapor-phase offer the
aforementioned advantages, they face challenges in industrial
settings because most standard lithography processes rely on
spin-coating from precursor solutions and the use of liquid-
phase developers.64,65 Furthermore, for research and develop-
ment requiring rapid exploration of resist compositions, the
ability to deposit and develop films via combinations of vapor-
or liquid-phase processing can be highly beneficial. For these
reasons, exploring resist families amenable to a wide range of
deposition and development processing conditions is currently
pursued.44,48,66

In a previous report, we presented an all-dry resist
deposition and development process that utilizes ZIF-inspired
amorphous zinc-imidazolate (aZnMIm) films deposited by
atomic/molecular layer deposition (ALD/MLD), hereafter
referred to as MLD, patterned with EBL, and developed by
vapor-phase etching at 120 °C using 1,1,1,5,5,5-hexafluor-
oacetylacetone (hfacH) to achieve well-resolved 22 nm lines
with a pitch of 30 nm.48 With the use of underlayers, we later
demonstrated well-resolved 16 nm thick, 20 nm pitch lines.67

This is the first fully documented nonplasma-based all-dry
process capable of producing high-fidelity patterns from metal-
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containing resists in the open literature. Consequently,
aZnMIm resists have the potential to meet the technological
demands of IC patterning while simultaneously reducing the
environmental impact of EUVL through waste reduction. As
other investigations have focused on the use of electron-beam,
X-ray, or UV lithography,43−45,47,48,68 the use of amorphous
zeolitic imidazolate framework-based materials as EUV resists
has not been demonstrated in the literature. Very recently, Li
et al. explored EUV exposure of ZIFs for the first time with
resist-free positive-tone EUV patterning of halogenated
crystalline ZIFs yielding resolution down to 40 nm half-
pitch, highlighting EUV-induced modifications driven by
chlorine-based chemistries.69

In this study, we explore the viability of aZnMIm as a resist
for EUV lithography. The aZnMIm films are deposited using

MLD, subjected to EUV exposure, and then developed using
both liquid- and vapor-phase techniques. We show that these
aZnMIm resists exhibit sensitivity to EUV light and can be
successfully developed in both the liquid- and vapor-phases.
Moreover, this work underscores the potential of homoge-
neous, amorphous MOF-based resists�readily deposited by
MLD in thicknesses below 20 nm�to fulfill the requirements
for next-generation high-NA, metal-containing EUV (13.5 nm)
resist materials. We also provide an initial evaluation of
aZnMIm for use in BEUV (6.7 nm) lithography.
We begin by examining the exposure of MLD-deposited

aZnMIm resists under an EUV flood source and offer a proof-
of-concept demonstration of patterning through liquid
development. Next, we present EUV contrast curve data for
aZnMIm films developed in the liquid-phase, followed by

Figure 1. EUV lithography using aZnMIm resists. (a) 100 mm diameter Si (100) wafer before (left) and after (right) MLD (650 cycles) of
aZnMIm. (b) Height contour plot showing the spatial uniformity of the film deposited in (a). (c) EUV exposure schematic showing the shutter
open and the diode rotated out of the measurement position so that the EUV source is exposing the photoresist at a rotation angle of 135°. To
expose, the wafer is tightened into the holder, and a recipe is loaded with the time for the shutter to be open at each of the eight angles marked on
the schematic. Once the recipe is started, the wafer rotates to the correct angle, and the shutter is opened, allowing EUV light to expose the
photoresist for a desired amount of time. The shutter is closed, and then, the wafer rotates to the next position to repeat until all eight spots have
been exposed (left). The diode is inserted before and after the recipe to measure the current and calculate the EUV dose. Once the wafer is
removed from the chamber, it was developed in an appropriate solvent or vapor to reveal the exposure spots (right). The development in (c) was
conducted using hfacH vapor at 120 °C for 60 s and is reported in a later section as Figure 2f. (d) Schematic depicting line fabrication using an
EUV flood exposure tool and a coarse grating mask. A cross-section of the mask is shown taped to the photoresist-coated wafer. The mask is
composed of a 100 nm thick SiC membrane with 200 nm thick electroplated Au gratings of varying width (1−10 μm). The same EUV source as in
(c) is swept over the mask, exposing the photoresist in areas that are not blocked by Au lines. (e) A top-down optical microscope image of the
mask, which has four grating sizes, 1, 2, 5, and 10 μm, with pitches of 2, 4, 10, and 20 μm, respectively. (f) SEM image of 10 μm lines patterned in a
102 nm thick aZnMIm resist using the mask and method described in parts (e) and (d) and developed using solvent-based methodology. A dose of
293 mJ/cm2 was used for patterning. After EUV exposure, the film was developed in DI water for 5 min and then in 655 μM acetic acid for 2 min.
The choice of developer is discussed in the next section of this paper and is shown in Figure 2a−c.
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results for dry development using hfacH vapor. We then
discuss the characterization of aZnMIm films using various
experimental techniques�photoelectron spectroscopy (PES),
EUV absorption/reflectometry, total electron yield (TEY),
residual gas analysis (RGA), and time-of-flight secondary ion
mass spectrometry (TOF-SIMS)�to determine the essential
properties required to evaluate their chemical response under
EUV exposure. These findings are compared with those of
other EUV resists of interest. In the concluding section, we
assess the potential performance of aZnMIm as a resist for
exploratory future BEUV lithography (BEUVL).

■ RESULTS AND DISCUSSION
EUV Exposure. As stated above, we have previously

explored the electron beam behavior of amorphous zinc-
imidazolate thin films, demonstrating their viability as high-
resolution patternable resists. Because metals generally exhibit
higher EUV absorption cross-sections compared to the
elements typically used in polymer-based resists, metal-
containing aZnMIm formulations present a promising avenue
for EUV photoresist design. To test their EUV performance,
aZnMIm films were grown on 100 mm Si (100) wafers from

the vapor-phase using methods reported in our previous
work.48 In brief, diethyl zinc (DEZ) and 2-methylimidazole
(2MIm) were pulsed sequentially into a home-built MLD
reactor operating at a temperature of 150 °C. Films with
thicknesses between 2 and 200 nm are routinely deposited by
controlling the number of MLD cycles.
For the initial experiments, 100 nm thick films were

deposited because this thickness gives a visible color
appearance, making any subsequent changes in the film
thickness readily detectable by visual inspection. Figure 1a
shows a 100 mm diameter wafer before (left) and after (right)
deposition of 650 cycles of aZnMIm, yielding a smooth
(mirror-like), homogeneous deep purple film. The excellent
spatial uniformity of the deposited films was measured using ex
situ ellipsometry and is shown in Figure 1b. While the film
thickness is highest closest to the precursor inlet and slightly
thinner along the top and bottom edges, the film thickness
varies 3.5% or less from the average value across all measured
regions of the 100 mm diameter wafer and varies 1% or less
from the average value in the central region of the wafer
(within ca. 30 mm radius), where it is exposed to EUV light as
shown in the schematic given in Figure 1c (EUV exposure was

Figure 2. EUV contrast curves of aZnMIm resists. (a) 115 nm thick aZnMIm resist exposed to EUV doses between 5 and 62 mJ/cm2 and
developed in DI water for 10 min. (b) 98 nm thick aZnMIm resist exposed to EUV doses between 49 and 1909 mJ/cm2 and developed in 655 μM
acetic acid for 2.5 min followed by a methanol rinse. (c) 99 nm thick aZnMIm resist exposed to EUV doses between 47 and 1834 mJ/cm2 and
developed in DI water for 5 min, 655 μM acetic acid for 1 min, and rinsed with methanol. (d) 20 nm thick aZnMIm resist exposed to EUV doses
between 50 and 1970 mJ/cm2 and developed using exposure to hfacH vapor at 120 °C for 15 s. The film is too thin to be visible by eye. (e) 44 nm
thick aZnMIm resist exposed to EUV doses between 102 and 2009 mJ/cm2 and developed using exposure to hfacH vapor at 120 °C for 30 s. (f)
100 nm thick aZnMIm resist exposed to EUV doses between 49 and 1917 mJ/cm2 and developed using exposure to hfacH vapor at 120 °C for 60 s.
All scale bars in (a)−(f) are 10 mm. (g) EUV contrast curves of liquid developed aZnMIm resists shown in (a)−(c). (h) EUV contrast curves of
vapor developed aZnMIm resists shown in (d)−(f). Heights were measured via spectroscopic ellipsometry and then normalized with respect to the
original thickness of the film measured by ex situ ellipsometry before EUV exposure. Doses from lowest to highest (starting from the bottom center
(6 o’clock position) and progressing clockwise to the highest dose (5 o’clock position)) are listed in Table S1.
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carried out on an experimental general-purpose EUV flood
source beamline at EUV Tech Inc. in Martinez, California).
100 mm Si wafers coated with 15−100 nm of aZnMIm were
loaded vertically into a high-vacuum chamber and pumped
down. The EUV source was started, and a diode was inserted
between the sample and the beam to measure the beam
current (shown schematically in Figure S1). After the current
was recorded, the diode was removed, and a recipe was loaded.
The wafer was rotated to 0°, and the shutter was opened,
exposing each spot for the desired amount of time before
rotating to the next preset angle. After all locations were
exposed, the diode was inserted and the beam current was
recorded again. The beam was shut off, and the system was
vented. After being vented, the wafer was removed from the
chamber. Following exposure, the photoresist was developed in
an appropriate solvent or vapor to reveal the EUV exposure
spots. Using this method, many different doses were tested at
once to benchmark photoresist sensitivity and contrast in
various developers. These results will be reported in a later
section of this paper.
While EUV flood sources are primarily used for large-area

irradiation, it is also possible to fabricate test patterns with a
flood tool by using a proximity transmission photomask. A
small-scale experimental transmission photomask was fabri-
cated by Applied Nanotools Inc. (ANT) for testing on the
EUV flood source beamline at EUV Tech Inc. and is shown
schematically in Figure 1d. This photomask was taped to the
resist-coated wafer, in line with the beam (Figure S2). The
mask, shown in Figure 1e, is a 5 × 5 mm silicon chip frame
with a ∼1.1 × 1.1 mm cutout, a 100 nm thick SiC support
membrane, and a 200 nm thick electroplated gold (Au) film
patterned with EBL to produce grating patterns of various
dimensions. The mask has four grating sizes, 1, 2, 5, and 10
μm, with pitches of 2, 4, 10, and 20 μm, respectively. When
EUV light is exposed through the mask, photons pass through
the SiC membrane at a transmittance of approximately 64%
(Figure S3). EUV photons are absorbed by the Au gratings on
top of the SiC membrane, which transmit less than 0.005% of
the 92 eV photons (Figure S4). Thus, the EUV light that
reaches the photoresist passes through the photomask only
from areas without the Au gratings. Using this process, proof-
of-concept test structures using a 102 nm thick aZnMIm
photoresist were fabricated using solvent-based methodology
(consisting of immersion in DI water for 5 min and then in 655
μM acetic acid for 2 min; the rationale for water and acetic
acid development is discussed in the next section of this paper
and is shown in Figure 2a−c) to produce 10 μm wide, 20 μm
pitch line patterns (Figure 1f). Considering the transmission of
the SiC membrane, the line patterns were exposed to a dose of
approximately 293 mJ/cm2. Test structures patterned at doses
as low as 120 mJ/cm2 are provided in Figure S5. Based on
these test patterns, it was demonstrated for the first time that
aZnMIm resists, which have previously shown capability as
high-resolution electron beam resists, can also function as
EUV-sensitive negative-tone photoresists. Therefore, future
experiments designed for high-resolution patterning should be
pursued. However, this capability is not available to us at this
time. In what follows, we provide an assessment of the EUV
response and fundamental properties of these promising
materials in preparation for high-resolution experiments.
Solvents for Residue-Free Liquid-Phase Develop-

ment. To realize the potential of aZnMIm thin films as
EUV photoresists, their lithographic properties were inves-

tigated by using the EUV flood exposure tool described in
Figure 1c. aZnMIm films ca. 100 nm thick were deposited on
silicon wafers and exposed to EUV photons at various doses to
benchmark EUV sensitivity. Water has been used as an
effective developer for negative-tone ZIF-type materials in the
past43,44 and was thus selected to benchmark EUV sensitivity
relative to known EBL performance. A 115 nm thick aZnMIm
resist exposed to EUV doses between 5 and 62 mJ/cm2 and
developed in DI water with gentle agitation for 10 min is
shown in Figure 2a. EUV spots were retained even at the
lowest exposure dose (5 mJ/cm2), showing impressive
sensitivity when developing in water. However, a significant
amount of material was also observed in the nonirradiated
areas in addition to uneven development, significant sample-to-
sample variation, delamination, and peeling of the remaining
material even when gently agitating the development solution
(Figure S6a).
Dissolution of as-deposited films in water was further

investigated (Figure S6b) and revealed two distinct regimes of
dissolution behavior. In the first 3 min of immersion in water,
aZnMIm undergoes a rapid dissolution burst that reduces the
film thickness from about 100 to around 30 nm. After this
initial rapid dissolution phase, the remaining material dissolves
much more slowly, requiring tens of minutes to hours for
complete removal, depending on the original film thickness.
While the aforementioned development took place in a batch
process where the films were immersed in water while gently
agitating the beaker, development was also performed under
both flowing solvent and spin-off dissolution (Figure S6c) to
evaluate the effect of replenishing the dissolution front with
fresh water. Flowing water over the film surface at a rate of 2
mL/min as well as spin-off dissolution where the wafer was
spun at a rate of 2000 rpm reveals two regimes of dissolution
consistent with batch processing (rapid burst of dissolution
followed by slow dissolution). Spin-off dissolution, however, is
capable of removing a 100 nm thick aZnMIm film completely
in 15 min compared to hours for batch and flow dissolution.
This discrepancy is most likely attributed to the behavior of
spin-off dissolution, which rapidly replenishes solvent to the
film surface, whereby solvent droplets rapidly spread across the
wafer surface on the millisecond time scale,66 efficiently
displacing the saturated solution and supplying fresh solvent to
the film interface, thus persistently perturbing the diffusion
boundary layer and facilitating enhanced mass transport of
dissolved species. This results in the acceleration of the slower
second dissolution phase for spin-off compared with batch and
flow development. Regardless, dissolution of aZnMIm in water
by all methods results in a two-stage dissolution behavior,
likely as a result of rapid changes in pH near the film-water
interface.
Calculations detailing 2MIm and Zn speciation based on pH

dependence were performed and are included in Section S1.
aZnMIm film dissolution rates exhibit a strong pH dependence
likely due to 2MIm preferentially dissolving from the film,
causing a rise in 2MIm concentration in the solution and an
increase in pH as shown in Figure S6d. This is anticipated by
earlier studies demonstrating pH changes during the
dissolution of the crystalline Zn-2MIm framework, ZIF-8.70

We hypothesize that as the local pH of the water solution
increases due to the dissolution of 2MIm, the dissolution rate
of Zn in the film decreases. We base this hypothesis on Zn
speciation dependence on pH71 and the pH changes caused by
2MIm dissolution. Based on its pKa value, the dissolution of

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.5c01476
Chem. Mater. 2025, 37, 8548−8567

8552

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c01476/suppl_file/cm5c01476_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c01476/suppl_file/cm5c01476_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c01476/suppl_file/cm5c01476_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c01476/suppl_file/cm5c01476_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c01476/suppl_file/cm5c01476_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c01476/suppl_file/cm5c01476_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c01476/suppl_file/cm5c01476_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c01476/suppl_file/cm5c01476_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c01476/suppl_file/cm5c01476_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c01476/suppl_file/cm5c01476_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.5c01476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2MIm in water causes the pH to increase to nearly 11 (Figure
S6d). This increase, which will happen at a boundary layer near
the dissolving surface, causes Zn speciation to shift so that its
dominant component is the least soluble species (Zn(OH)2)
(Figure S6e).71 At this high local pH, the initially dissolved Zn
redeposits and/or the remaining Zn does not dissolve, while
imidazole can keep dissolving. This hypothesis is supported by
X-ray Photoelectron Spectroscopy (XPS) analysis of the
material remaining after immersion of aZnMIm in water for
8 min, as shown in Figure S7a. Compared to the as-deposited
aZnMIm spectrum, the film remaining after the rapid
dissolution step exhibits a decrease in the C 1s signal, a
near-complete loss of the N 1s signal, an increase in the
intensity of the O 1s signal, and the maintenance of the Zn 2p
signal. The high-resolution XPS data in Figure S7b−e suggest
that the dissolution of aZnMIm in water proceeds through the
preferential removal of 2MIm (as evidenced by the loss of the
N 1s signal from the 2MIm linker) and the retention of a
Zn(OH)x-rich material, shown by the potential Zn−O peak at
531.7 eV72 in the O 1s region. This is further supported by the
hypothesis that Zn- and 2MIm-containing ZIF-L produces zinc
oxo- and hydroxo-type compounds when partially dissolved in
pure water.73

As an alternative to pure water, dilute acetic acid in water
was explored as a potential developer for aZnMIm as ZIF-8 is
prone to decomposition in acidic aqueous environments,74−76

and acetic acid has been successfully used as a developer for
various metal−organic resists including zinc-oxo cluster
resists,77 cobalt-based resists,78 bismuth oligomer dichloride
resists,79 and zirconium-containing resists.80 The dissolution
behavior of as-deposited aZnMIm films was tested in three
different concentrations of aqueous acetic acid solutions: 0.2 M
(pH ∼ 2.7), 655 μM (pH ∼ 4), and 15.5 μM (pH ∼ 5)
(Figure S8). In 0.2 M acetic acid, the films dissolved at a rate
>2 nm/s, while in 15.5 μM acetic acid, the films dissolved at a
considerably slower rate; a 22 nm thick film could not be
removed within 5 min. The intermediate concentration, 655
μM acetic acid, exhibited a linear dissolution rate and resulted
in the removal of the as-deposited film on a reasonable
development time scale (less than 60 s for a 22 nm thick film).
This leads to the conclusion that the initial pH of the solution
was low enough that upon imidazolate ion dissolution and
protonation, the local pH did not increase enough to
considerably slow down the dissolution rate. Although further
optimization may be possible, 655 μM acetic acid was selected
for testing to see if irradiated areas could be selectively
retained. 22 nm thick aZnMIm films were deposited on Si
substrates and exposed to electrons with an energy of 5 keV at
various doses and subsequently developed with 655 μM acetic
acid for 60 s followed by rinsing with methanol to generate the
dose matrix test patterns shown in Figure S9. Complete
removal of material in nonexposed areas and good resistance of
the irradiated areas were observed at doses similar to ZIF-L
EBL sensitivity with water development.44

Encouraged by the above EBL results, 100 nm thick
aZnMIm resists were exposed to EUV doses between
approximately 50 and 2000 mJ/cm2 and developed in 655
μM acetic acid for 1.5 to 3 min (Figure S10). With
considerably thicker films, a longer development time was
required, and development times between 1.5 and 2.5 min did
not show complete removal of material in the areas that were
not exposed to EUV. A 98 nm thick aZnMIm film exposed to
EUV doses between 49 and 1909 mJ/cm2 and developed in

655 μM acetic acid for 2.5 min followed by a methanol rinse is
shown as Figure 2b. Progression of development from 2.5 to 3
min shows removal of both irradiated and nonirradiated areas,
with nearly all of both areas being removed by 3 min even at
extremely high doses (>500 mJ/cm2). XPS of a wafer
developed in 655 μM acetic acid for 3 min (Figure S7a)
shows a clean wafer with a survey spectrum nearly identical to
a bare silicon wafer, indicating complete removal of
nonexposed areas. The visible contrast and height retention
in the exposed areas are very poor in acetic acid, as the
differences in the rate of dissolution of the irradiated vs
nonirradiated areas are small after the initial onset of
development. This effect has previously been observed with
other Zn-containing resists developed in acetic acid, resulting
in poor contrast due to partial dissolution of exposed areas.77

For better lithographic results, a more selective developer is
required.
aZnMIm development in water works well to dissolve a

significant amount of the resist at low doses but leaves nearly
30 nm of material in the nonexposed regions for a 100 nm
thick resist, and acetic acid development removes both regions
rapidly. Based on these findings, an alternative development
method was attempted. EUV-exposed aZnMIm resists were
developed first in water to remove a significant amount of
material and then placed into 655 μM acetic acid for 60 s to
remove the remaining unremoved material in the nonexposed
regions. This development process, given in Figure 2c,
demonstrates near-complete removal (native oxide thickness
in all nonexposed areas except the wafer center) of all material
from the nonexposed regions while retaining appreciable
thickness in the EUV-treated areas. Figure S11 shows spatially
resolved ellipsometry of an EUV spot exposed to a dose of 460
mJ/cm2 on the wafer in Figure 2c. Measurements obtained
around the EUV exposure spot show a steep drop to the native
oxide thickness next to the spot. Except at the wafer center
where a 6 nm film remains, the remaining nonexposed wafer
shows complete removal of aZnMIm after development using
the combination of water followed by acetic acid, in agreement
with the XPS data shown in Figure S7a. Other liquid
development approaches, including the use of basic and
organic solvents, are possible and will be the subject of future
work. Figure S12a-b demonstrates the potential of using both
tetramethylammonium hydroxide (TMAH) (0.265 and 0.55
M) and methanol as negative-tone developers for aZnMIm.
Solvents such as PGME, EGMEA, PGMEA, n-butyl acetate,
and anisole have shown efficacy as developers for other Zn-
based photoresists81 and will be investigated in the future.
Vapor-Phase Development. Figure 2d−f shows images

from films developed using our previously introduced method
based on the β-diketone etchant, hfacH.48 A 20 nm thick
aZnMIm resist exposed to EUV doses between 50 and 1970
mJ/cm2 and developed using exposure to hfacH vapor for 15 s
in a 120 °C oven is shown in Figure 2d; this film is too thin to
be visible by eye. Figure 2e is from a 44 nm thick aZnMIm
resist exposed to EUV doses between 102 and 2009 mJ/cm2

and developed using exposure to hfacH vapor for 30 s. It
demonstrates an all-dry aZnMIm EUV resist for the first time,
showing a clear contrast and retention of the EUV-treated
regions. A 100 nm thick aZnMIm resist exposed to EUV doses
between 49 and 1917 mJ/cm2 and developed using exposure
to hfacH vapor for 60 s is also given as Figure 2f, with film
remaining even at the lowest tested dose of 49 mJ/cm2.
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Contrast Curves. Heights of the liquid-developed EUV
exposure spots from Figure 2a−c were measured using
spectroscopic ellipsometry and plotted vs EUV dose to create
the contrast curves shown in Figure 2g. The EUV dose per
square centimeter was calculated using the EUV exposure time,
beam size, and photodiode current being measured in the tool.
aZnMIm sensitivity, defined as the dose required to retain 50%
of the normalized thickness, was calculated to be 5 and 181
mJ/cm2 for development in pure water and development in
water, followed by 655 μM acetic acid, respectively. Develop-
ment in only 655 μM acetic acid resulted in generally poor
sensitivity with a contrast curve that leveled off around a
normalized thickness of 0.35, ultimately not allowing for the
calculation of a specific sensitivity value. The contrast curves in
Figure 2g demonstrate that aZnMIm EUV sensitivity is
dramatically impacted based on the choice of developer;
water development gives very high sensitivity but poor overall
development while acetic acid gives a much lower sensitivity
resist and partial removal of exposed areas but with complete
removal of nonexposed material. The combination method of
immersion of aZnMIm in water and then acetic acid gives
intermediate EUV sensitivity and residue-free development.
The EUV sensitivity for liquid-developed aZnMIm with water
followed by acetic acid is worse than other negative-tone
metal-containing resists such as Zn-containing MOF-inspired
EUV resists which have a sensitivity of approximately 12 mJ/
cm2,19 indium nitrate hydrate resists with a sensitivity of 21
mJ/cm2,25 or the dihydroxide form of a tin-oxo cluster with a
sensitivity of approximately 25 mJ/cm2.30 Because the
sensitivity of aZnMIm resists varies greatly as a result of
processing conditions, further optimization of the development
process has the potential to identify a solvent that improves
sensitivity into a desirable range with residue-free develop-
ment.
Lithographic contrast (γ), or the ability of a photoresist to

differentiate between the properties of irradiated and non-
irradiated areas, is essentially the slope of the contrast curve
and can be calculated using D100, the lowest electron dose at
which the original resist thickness is retained, and D0, the
maximum electron dose for which the resist thickness equals
zero. The aZnMIm EUV contrast was estimated as 0.56, 0.30,
and 0.51 for development in pure water, 655 μM acetic acid,
and water, followed by 655 μM acetic acid, respectively. The
combination of water and acetic acid shows an intermediate
lithographic contrast between the two individual developers.
All developers, especially acetic acid, lead to poor contrast with
aZnMIm resists, with a gradual increase in remaining thickness
with increasing EUV dose, likely due to the high solubility of
both the exposed and nonexposed areas in each solvent. These
values are similar to Zn(MA)(TFA) resists developed in
acetylacetone (γ = 0.63) and acetic acid (γ = 0.45)77 but fall
short of the industrially viable range (approximately >2).
Contrast curves for three different aZnMIm film thicknesses

exposed to EUV and developed by hfacH vapor at 120 °C are
plotted in Figure 2h. The behavior of all three films is quite
similar, yielding overlapping curves that do not level off to give
the classic sigmoidal contrast curve behavior. Instead, the
measured height continues to increase with the dose,
ultimately resulting in poor lithographic performance for all
three films. Under these conditions, aZnMIm exhibits
sensitivities of 547, 375, and 915 mJ/cm2 for 20, 44, and
100 nm thick aZnMIm resists, respectively. The two thinner
samples demonstrate sensitivities on the same order of

magnitude, comparable to a suite of tin carboxylate-type
resists with doses to size in the range of 300 to 600 mJ/cm2,29

or to negative-tone platinum and palladium carbonate resists of
type L2M(CO3) using doses between 282 and 733 mJ/cm2.82

The increased dose required for the 100 nm thick aZnMIm
resist could be due to the increased thickness. The low
sensitivity of vapor-developed resists can be attributed to the
high dose required to chemically alter aZnMIm sufficiently to
prevent hfacH diffusion into the material. This result was
anticipated based on the high onset dose required to retain
electron beam-exposed aZnMIm after it had been converted to
a more dense, nonvolatile matrix with degraded imidazole
ligands.48

The lithographic contrast of the vapor-developed aZnMIm
films was also calculated. To maintain consistency, the
maximum dose was used as D100 for each film as leveling off
of the contrast curve was not observed. The vapor-developed
contrast values were estimated as 0.49, 0.50, and 0.50 for the
20, 44, and 100 nm thick aZnMIm films, with all values being
nearly the same, owing to their similar processing conditions,
although more data points at both lower and higher doses are
needed to give a more accurate contrast estimate. Similar to
the dry development of aZnMIm resists, Kenane et al. found
that Lam Research’s all-dry resist deposition and development
process results in a contrast curve with a near-linear response
to an increase in EUV dose and a lithographic contrast of
0.53.83 They hypothesize that reacting their EUV-exposed tin-
oxo cluster-based resist ((RSn)xOyHz) with gaseous HBr
results in sequential molecular cleavage of Sn−O−Sn bonds,
allowing for progressive development that results in more
linear contrast behavior that still allows for the patterning of
high-resolution dense features. While the chemistry of all-dry-
deposited and developed aZnMIm resists is different,
sequential molecular-scale removal of the resist rather than
conventional solubility-driven development could provide a
potential explanation for the linear behavior and low contrast
observed in Figure 2h. It may, therefore, be anticipated that
aZnMIm could also exhibit high-resolution performance. In
support of this hypothesis, very high-resolution dense features
(16 nm lined features with 20 nm pitch) were achieved for all-
dry aZnMIm resists patterned by EBL despite a low contrast (γ
= 1.59).67

EUV Response Characteristics of aZnMIm Resists.
Motivated by the potential of aZnMIm as an EUV photoresist
established above, we explored its EUV response character-
istics to advance the fundamental understanding of its
interaction with EUV photons and explain the observed
experimental phenomena. During EUV exposure, a small
fraction, typically between 10% and 30%, of 92 eV photons will
be absorbed by a 30 nm thick resist.84,85 After photo-
absorption, a primary photoelectron generated in either the
resist or underlayer will generate a cascade of low-energy
secondary electrons (LESEs) by inelastic scattering. The
LESEs are ultimately responsible for the chemical changes
within a photoresist leading to dissolution/etching contrast
during resist development.4−6 Given the vital role that LESEs
play in photopatterning, it is essential to understand both how
efficiently a material absorbs EUV photons and how it
subsequently generates electrons. PES can be used to
investigate these essential resist properties, as it provides
insights into both the abundance of emitted electrons and their
energy distribution. By characterizing the energy spectrum of
EUV-generated electrons, PES can aid in understanding the
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mechanisms that govern metal−organic resist performance.
However, while PES can probe electron emission, it does not
directly address EUV absorption efficiency, which is equally
crucial for EUV resist performance.
In our previous study, we investigated aZnMIm films in the

context of EBL,48,60,67 which is often used as a probe for EUV
performance as LESEs drive the chemical reactions that allow
pattern development in both cases.4−6 While EBL is a useful
tool for preliminary screening of EUV resists86,87 and is often
completed first to prove viability for EUV testing,19,33,88−92

EUV and EB performance metrics do not always corre-
late.93−95 This is a consequence of the fact that the efficient use
of EUV light is a crucial photoresist property, and EBL, even if
one assumes it to be a perfect mimic for EUV secondary
electron generation, provides no information about the ability
of a resist to absorb EUV light. Therefore, EUV reflectometry
and absorption measurements are necessary to directly
evaluate how effectively a material absorbs EUV photons.

Complementary to reflectometry, TEY measurements provide
additional insight into the EUV absorption process by
quantifying the number of electrons able to escape from a
resist after photon absorption. TEY is directly proportional to
the number of electrons generated within a resist during EUV
exposure, making it a valuable metric for assessing resist
efficiency and explaining trends observed in reflectometry
experiments.
Aside from EUV absorption and LESE generation, a

thorough understanding of the chemistry initiated during
exposure is required for optimizing photoresist performance,
controlling patterning outcomes, minimizing defects, and
ensuring compatibility with industrial processes. It is
particularly important that all generated molecules, especially
gaseous ones, comply with fabrication laboratory restrictions
and are compatible with expensive lithography equipment.
Controlling and minimizing photoresist outgassing�or the
release of volatile compounds such as residual solvent, reaction

Figure 3. EUV characterization of aZnMIm films. (a) Schematic for the EUV PES experimental setup in (b). (b) EUV photoelectron spectrum of
an aZnMIm film showing the distribution of primary and secondary electrons. The inset shows a zoomed-in view of the low-energy secondary
electrons (<20 eV). (c) Reflectometry data obtained experimentally and model fit for a 50 nm thick aZnMIm film to determine EUV absorption.
(d) Experimental schematic for RGA shown in (e) and (f). (e) Representative outgassing spectrum of an aZnMIm photoresist with dominant ion
signals labeled. (f) Ion signal over time for the most prominent outgassing signal, m/z = 2. (g) TOF-SIMS mass spectrum of a 32 nm thick as-
deposited aZnMIm film. (h) TOF-SIMS mass spectrum acquired for a 100 nm thick aZnMIm film exposed to EUV light at EUV Tech Inc. using a
dose of 4036 mJ/cm2. (i) TOF-SIMS mass spectrum of a 100 nm thick aZnMIm film exposed to EUV light at EUV Tech Inc. with a dose of 4036
mJ/cm2 and then developed in water for 15 min. The mass spectra in (g)−(i) were normalized with respect to the signal intensity at m/z = 26.
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byproducts, or components of the resist formulation itself96

during EUV exposure�are critical because of the potential
impact on both the lithography process and contamination of
EUV equipment.97−99 EUV instruments use reflective optics,
such as multilayer mirrors, which are highly sensitive to
contamination.100 Even a small amount of deposited outgassed
material on these mirrors can reduce their reflectivity, thereby
decreasing the intensity of EUV light reaching the wafer and
ultimately lowering wafer throughput.101−103 Additionally,
EUV instruments operate in a high-vacuum environment to
maintain a fully reflective optical path and prevent EUV
absorption by molecules other than those in the photomasks or
resists.104 Outgassing of molecules from the resist can not only
disrupt this vacuum but also cause an increase in the partial
pressure of gases in the exposure chamber.102 This process
variability can affect the consistency of the lithography process
and potentially lead to pattern defects due to the redeposition
of volatile compounds on the resist surface. To address this
challenge, RGA tools are commonly employed for systematic
outgas evaluation under controlled conditions.96,105

While the aforementioned techniques provide important
insights into EUV exposure mechanisms, they do not directly
reveal the chemical modifications within the resist induced by
EUV exposure. To address this limitation, we can use TOF-
SIMS to probe the molecular-level changes occurring before
and after EUV exposure. By comparison of the TOF-SIMS
spectra of aZnMIm films before and after EUV exposure, bond
cleavages, molecular fragmentation, and the formation of
chemical species resulting from EUV photoreactions can be
inferred. Additionally, by comparison of TOF-SIMS before and
after EUV exposure, a loss of signal attributed to volatile
molecules lost via outgassing can be detected to complement
RGA studies. By integration of TOF-SIMS analysis with PES,
EUV reflectometry, TEY, and RGA, a comprehensive under-
standing of how aZnMIm resists interact with EUV photons
can be developed. Here, we provide the first comprehensive
evaluation of amorphous zeolitic imidazolate resists using these
complementary techniques.
EUV Photoelectron Spectroscopy. EUV PES was

performed on an ∼25 nm thick aZnMIm film using the
experimental setup indicated in Figure 3a at the Advanced
Light Source (ALS) at Lawrence Berkeley National Labo-
ratory, beamline 12.0.1. The sample was exposed to EUV
photons, and the electrons emitted by the sample were
collected by a retarding field analyzer. A negative retarding
potential was applied to the fine metal mesh mounted in front
of the Faraday cup to ensure that electrons with kinetic energy
less than the applied voltage are not transmitted through the
mesh. Electrons with kinetic energies larger than the applied
voltage are transmitted through the mesh, and after being
accelerated by a + 5 V bias applied to the Faraday cup, they
generate the measured current (intensity). The derivative of
the measured signal represents PES.
In EUV PES, high kinetic energy (KE) signals (>60 eV) in

many cases originate due to emission of primary valence
electrons (photoelectrons) after the absorption of EUV
photons. These primary electrons with high KE will likely
undergo inelastic scattering events within the photoresist,
losing part of their KE with each collision and leading to the
emission of secondary electrons with low KE. The cascade of
such events will lead to almost complete loss of KE by a
primary electron and the emission of several low KE secondary
electrons. This process is evident in the photoelectron

spectrum of aZnMIm given in Figure 3b. Above 20 eV, a
small feature appears at 52.6 eV and a sharp peak emerges at
75.0 eV, after which the signal drops to zero around 85.4 eV.
At low KE, the signal intensity increases sharply due to the
generation of multiple LESEs from each photoelectron,
resulting in a broad high-intensity peak at 2.2 eV (also
shown as an inset). However, at very low KE, the signal
intensity falls off because electrons with such low energy
cannot escape the sample, owing to the potential barrier at the
film-vacuum interface. To analyze key features present in the
photoelectron spectrum, it is typical in solid-state PES to relate
KE to literature binding energy (BE) values by subtracting the
KE from the Fermi energy (FE).85 The FE, which can be
estimated as the signal onset in the photoelectron spectrum,
was found to be 85.4 eV (Figure 3b). The sharp peak in the
aZnMIm photoelectron spectrum at a KE of 75 eV can be
attributed to Zn 3d electrons and yields an experimentally
observed BE relative to the FE of 10.4 eV. This BE correlates
with the literature value for the Zn 3d doublet peak (10.2 eV
for Zn 3d3/2 and 10.1 eV for Zn 3d5/2).106 A small peak at a KE
of 52.6 eV, corresponding to an experimentally observed
binding energy of 32.8 eV, could be due to the emission of
semicore N 2s electrons, which exhibit a reported electron BE
of 37.3 eV.106

From the raw data, it is possible to determine the ratio of
slow electrons (<20 eV, LESEs) to fast electrons (20−95 eV)
using the difference in signal intensity at retarding potentials of
0 and 20 V for the quantity of slow electrons and 20 and 95 V
for fast electrons, respectively. For a 10 nm thick aZnMIm film,
the total electron signal (encompassing 0−95 eV) was
calculated as 0.825, with 0.693 coming from slow electrons
and 0.132 from fast electrons. This translates to 84% slow and
16% fast electrons, yielding an overall slow-to-fast ratio of 5.27.
When compared with poly(4-hydroxystyrene) (PHS), a stable
reference polymer resist, aZnMIm exhibits stronger emission
of both primary and secondary electrons, as reflected by PHS’s
lower total signal of 0.631 (with a slow electron contribution of
0.549 and a fast electron contribution of 0.081) (Figure S13).
Nevertheless, PHS has a higher slow-to-fast electron ratio of
6.76, suggesting that it produces slow electrons more efficiently
relative to its primary electron emission than aZnMIm. For
comparison, industry-standard metal-containing tin-oxo-type
resists show a significantly increased yield of fast electrons from
the high EUV absorption of Sn atoms but only a slightly
increased slow electron yield resulting in a slow-to-fast electron
ratio of 7.20.107

EUV Reflectometry. EUV absorption measurements were
performed at the Advanced Light Source (ALS) beamline 6.3.2
using the reflectivity method where the reflectivity of an
aZnMIm resist at a wavelength of 13.5 nm was measured as a
function of angle and plotted in Figure 3c. The experimental
data were fitted using methods described elsewhere108,109 and
show good agreement between calculations and experimental
results. From the fit, the dispersive and absorptive components
of the film refractive index, δ and β, were obtained and found
to be 0.0220 and 0.0067, respectively. Using the absorptive
component of the refractive index, the linear attenuation
coefficient (μ), also known as the EUV absorption coefficient,
can be determined using eq 1:

= = N
M

4 A
(1)
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where λ is the irradiation wavelength, ρ is the film density, NA
is Avogadro’s constant, M is the molar mass, and σ is the
photoabsorption cross-section. aZnMIm resists have an
experimentally determined EUV absorption coefficient of 6.2
μm−1. In comparison, typical polymer-based CARs have
absorption coefficients in the range of 4.8 μm−1, common
resists poly(methyl methacrylate) (PMMA) and PHS have
measured coefficients of 5.5 and 3.9 μm−1, respectively, and
tin-oxo cages/clusters have absorption coefficients on the order
of 10−20 μm−1 depending on the choice of counterion
used.108,110,111 Zirconium-oxo cluster-based resists show
similar EUV absorption coefficients as aZnMIm resists, on
the order of 6−7 μm−1.111

Once the linear attenuation coefficient is determined, the
right side of eq 1 can be rearranged and expanded to form eq 2
to solve for film density:

=
x A

N x
i i i

i i aiA (2)

where xi is the atomic fraction of each element and Ai is the
atomic weight of element i. Using the experimental atomic
photoabsorption cross-sections calculated from the atomic
scattering factors listed in the CXRO X-ray database (σZn: 4.74
× 106 cm2/mol, σC: 3.51 × 105 cm2/mol, σN: 7.30 × 105 cm2/
mol, σH: 1.51 ×104 cm2/mol),106 the density of aZnMIm films
was calculated as 1.39 g/cm3, which is higher than PMMA
(1.18 g/cm3) but lower than tin-oxo-type materials (1.84 g/
cm3).6 Crystalline ZIF-8 has a density of 0.98 g/cm3, while
amorphous ZIF-8 films made by spin-coating have a density of
1.62 g/cm3.66 Density calculations and parameters are included
in Section S2. EUV reflectometry analysis of polymer resist
materials has shown that more dense resists tend to have
higher absorption coefficients than less dense films of the same
stoichiometric ratio, as is the case with PMMA and poly(4-
methoxystyrene).108

Total Electron Yield (TEY). During EUV exposure, a 12 V
bias was applied to draw away all escaped electrons, and the
drain current was measured at low and high flux. The
measured drain current was normalized by the photon flux,
which was measured with a silicon photodiode. The resulting
TEY was determined as the electron yield per unit of photon
flux. Using the low flux data, the TEY for a 10 nm thick
aZnMIm film was found to be 11.48 × 10−4 a.u., which is
nearly the same as the TEY of PMMA, found experimentally to
be 11.49 × 10−4 a.u.112 The TEY of aZnMIm is higher than
most styrene-based resists (polystyrene: 6.15 × 10−4 a.u.,
poly(4-hydroxystyrene): 7.06 × 10−4 a.u., and poly(4-
cyanostyrene): 9.94 × 10−4 a.u.) other than poly-
(pentafluorostyrene), which has a TEY of 15.42 × 10−4 a.u.112

Interestingly, the TEY of the aZnMIm film is similar to that
of PMMA, despite the two materials having different EUV
absorption coefficients (6.2 μm−1 for aZnMIm vs 5.5 μm−1 for
PMMA). A previous study has shown a correlation between
TEY and the EUV absorption coefficient, with TEY being
proportional to the product of the EUV absorption coefficient,
quantum efficiency (electrons produced per absorbed photon),
and the electron attenuation length (EAL).112 The EAL,
defined as the resist distance required to reduce the number of
emitted secondary electrons by a factor of 1/e (initial
secondary electron population decreases to ∼37%), provides
insight into the distance that slow electrons can travel within a
material and is directly related to feature blur and photoresist

resolution. Several techniques have been used to measure EAL
including low-energy electron transmission,113,114 reflection
energy loss spectroscopy,115 low-energy electron beam
exposure,116 and Monte Carlo simulations/inelastic mean
free path (IMFP) calculations.117 While these methods can
probe electron penetration depths, they are often unable to
capture slow electron (<20 eV) behavior and may neglect
elastic scattering effects, leading to an underestimation of EAL
by up to 30% for IMFP calculations.117 Other studies have
directly measured EAL experimentally using the substrate
overlayer118,119 method for a number of organic-based
photoresists,112,120,121 with some resolving the EAL as a
function of kinetic energy,121,122 revealing relatively stable EAL
values between 10 and 90 eV. Because EUV photoresists
produce a large fraction of secondary electrons with energies
below 90 eV, and in the case of aZnMIm, many below 5 eV,
the approach by Kostko et al., which assumes the use of
secondary electron energies below 20 eV, is particularly
relevant.112 Using this technique, an EAL of 2.15 nm for
PMMA was reported.112 A different study by Frederick et al.
estimated the EAL of a hafnium-based EUV resist as 0.3 nm for
100 eV electrons,123 though this approach relied on the
universal electron attenuation curve124 which is only valid for
the energy range 100 to 30 000 eV and thus does not capture
slow electron behavior. Assuming that PMMA and aZnMIm
have the same quantum efficiency, the EAL of aZnMIm can be
estimated using the established correlation between TEY, EUV
absorption coefficient, and EAL.112 Using the measured TEY
of 11.48 × 10−4 a.u., the aZnMIm EAL can be estimated as
1.66 nm. Therefore, the TEYs of aZnMIm and PMMA may be
the same despite aZnMIm having a higher EUV absorption
coefficient because aZnMIm appears to have a shorter EAL.
The EAL of aZnMIm could be reduced due to higher material
density, electron trapping properties, or a combination of both
factors. While quantum efficiency was assumed to be the same
for simplicity, differences in the electron yield per absorbed
photon could also contribute to the observed TEY similarity
between the two materials. Future work will aim to
experimentally obtain an EAL value for aZnMIm, considering
that previous work on EUV photoresist EAL values has
primarily focused on organic-based materials.
Residual Gas Analysis. A schematic of the photoresist

outgassing experiment is shown in Figure 3d. After a baseline
pressure was collected without EUV exposure, the outgassing
signal was measured using an RGA from Stanford Research
Systems Inc., capable of detecting mass-to-charge ratios (m/z)
ranging from 1 to 300. During the measurement, the shutter
blocking EUV light was opened after 60 s, subsequently
exposing the photoresist. After approximately 6 min, the
shutter was closed. During exposure, m/z from 1 to 200 were
repeatedly scanned with each scan taking approximately 6.6 s,
tracking the partial pressure increase caused by EUV exposure.
Exposure durations correlate with an accumulated dose of
approximately 1.3 mJ/cm2/s. The resulting outgassing mass
spectrum was baseline-corrected by subtracting the back-
ground signals and the signal from a bare Si wafer (Figure
S14). The outgassing signal for each m/z, averaged over the
first 20 s after the shutter is open and the sample is exposed,
was then used to generate the outgassing spectrum shown as
Figure 3e, which gives an overview of the volatile species
released during EUV exposure. Peaks with error bars larger
than the signal height were neglected as nonreproducible and
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only peaks with signals larger than the standard deviation were
labeled.
The most dominant signal appears at m/z = 2, with other

significant peaks occurring at m/z = 4, 12−16, 26−30, 39−44,
55, 57, and 78. While data were collected for m/z = 1−200,
only m/z = 1−100 are plotted in Figure 3e as there is no
significant outgassing above m/z = 100 aside from m/z = 156
(Figure S15). Outgassing from aZnMIm films can be
attributed primarily to H2 (m/z = 2) and 2MIm (m/z =
12−15, 26−30, 39−44, 55). Interestingly, the largest 2MIm
fragments, m/z = 54, 81, and 82, are not present in the
aZnMIm outgassing spectrum. Other visible signals may be
attributed to common vacuum system contaminants, including
CO2 (m/z = 12, 16, 28, 44), N2 (m/z = 14, 28), and various
hydrocarbons.
To better evaluate individual m/z, isolated ion signals were

also baseline-corrected and then plotted against time. The
isolated ion signal for m/z = 2, which corresponds to H2, is
plotted as Figure 3f. The hydrogen signal is over an order of
magnitude stronger than any of the other outgassing signals
(Figure S16). When the shutter opens after 60 s, there is a
considerable increase in the ion signal strength upon sample
exposure to EUV photons. Over the course of exposure, there
is no significant decay in signal strength, dipping only slightly
toward the end of the exposure time. This reveals a continuous
loss of hydrogen over the entire EUV exposure period. Isolated
ion signals for all other significant peaks are included in Figure
S16. For most of the isolated signals, as with hydrogen, there is
no or a very slow decrease in the outgassing signal with
increasing dose. For m/z = 44, which is attributed to CO2,
there is strong outgassing and a sharp signal decay after the
first 60 s of exposure, indicating the loss of CO2 from the resist
surface.
TOF-SIMS. A comparison of the TOF-SIMS data acquired

from as-deposited and EUV-exposed aZnMIm is presented in
Figure 3g−i and reveals that the composition of aZnMIm is
significantly altered by EUV exposure. Prior to exposure, the
film is known to be composed of Zn(II) ions and 2MIm
(anionic) linkers, which is reflected in the mass spectrum of
aZnMIm in Figure 3g in the presence of a pronounced peak at
m/z = 81. This peak corresponds to the deprotonated 2-
methylimidazolate parent ion present throughout the film, as
indicated by depth profiling in Figure S17a. A family of peaks
at lower m/z indicates the partial fragmentation of the linker
under primary ion irradiation, most notably into cyanide at m/
z = 26. These cyanide fragments appear to bond strongly with
nearby zinc ions in the framework, generating [Zn(CN)3]−

ions detected in the m/z = 142−146 range, whose relative
intensities reflect the isotopic abundance of zinc. Peaks at m/z
= 25 and 65 are assigned to C2H− and C3HN2

−, respectively. A
peak at m/z = 1, attributed to hydride, is present in high
abundance compared to the other peak intensities. A strong
peak at m/z = 42 is also present. This peak may correspond to
azide, N3

−, although multiple bonds would need to be broken
and formed during ion bombardment of 2-methylimidazolate
for its formation. An alternative and more likely assignment of
this peak is to one of two possible structures: C2H4N−, a
structure that can be extracted from the 2-methylimidazolate
ion directly by assuming only bond cleavage and proton
rearrangement; or cyanate, OCN−, generated from the
combination of surface oxygen with cyanide.
The mass spectrum of aZnMIm exposed to a very high EUV

dose of 4036 mJ/cm2 is given as Figure 3h. Several differences

are apparent compared to Figure 3g; notably, the relative
hydride signal is significantly depressed. This aligns with the
conclusion drawn from the outgassing spectrum that H2 is
generated from the decomposition of 2MIm. Considering a
significant portion of hydrogen is lost from the sample, other
fragments appearing on the same spectrum are likely lean in
hydrogen. The peak at m/z = 42 (present also in the as-
deposited films before exposure) can be attributed either to
C2H4N− from 2-methylimidazolate or to azide due to the lack
of hydrogen in this case. While the relative intensity of the 2-
methylimidazolate peak at m/z = 81 is lower when compared
to as-deposited aZnMIm, the peak is still present in significant
quantity throughout the film (Figure S17b) even after exposure
to an extremely high EUV dose. This observation, along with
high counts at m/z = 26 (cyanide) and the slight increase in
other peaks, such as those at m/z = 50 (cyanoethynyl anion)
and m/z = 66 (dicyanamide anion), implies significant but
incomplete fragmentation of the 2MIm linkers rather than full
transformation to an amorphous matrix composed of carbon,
nitrogen, and zinc. This is in contrast to the effects of high
doses of electron irradiation where no detectable 2MIm peaks
were observed by infrared reflection−absorption spectroscopy
(IRRAS).48 This helps to explain why the development of
EUV-exposed aZnMIm using hfacH produces relatively poor
sensitivity, as a high EUV dose is required to degrade 2MIm
linkers sufficiently to prevent the reaction with hfacH from
producing volatile species that lead to etching during vapor
development.
Higher mass fragments in the EUV-exposed spectrum in

Figure 3h transition from recognizable molecular anions into
clusters of peaks with Gaussian-like intensity distributions
centered around increasing m/z. These groupings are present
in the original aZnMIm mass spectrum as well, but at lower
intensity. Their amplification may reflect the formation of high-
mass clusters of carbon and nitrogen with the general formula
CaNbHx formed from partially fragmented 2MIm with
undefined chemical structures. Thus, C3HN2

− and C2N3
−

represent five-atom clusters, while six-atom clusters center
near m/z = 80. It can be reasoned that the higher-mass
groupings are then composed of larger atom clusters: signals
centered around m/z = 119, for example, correspond to nine-
atom clusters with an average mass per atom of approximately
13 amu (119/9 = 13.2). Because multiple peaks are visible
within these high-mass groupings, their formation is suggestive
of multiple individual molecular fragments and extensive
atomic rearrangements following EUV exposure.
When compared to the undeveloped spectrum in Figure 3h,

EUV-exposed aZnMIm developed in water (Figure 3i) shows
slight differences, most notably, the low relative intensity of the
m/z = 81 peak, which indicates that 2MIm is nearly, if not
entirely, depleted from the sample, consistent with XPS results
in Figure S7. A loss of intensity of 2MIm fragments at m/z =
42, 50, and 65 is also observed. It is worth noting that of the
slight differences between undeveloped and developed
samples, most represent a decrease in the peaks associated
with pristine aZnMIm, supporting the conclusion that intact
and fragmented 2-methylimidazolate is dissolved during
development. Interestingly, the group of peaks corresponding
to [Zn(CN)3]− are not visible on the developed sample
spectrum. Depth profiling of the developed sample (Figure
S17c) reveals a depletion of multiple species near the sample
surface but slow recovery of Zn species, O−, and other 2MIm
fragments deeper into the film. Moreover, the integrated mass
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spectrum with respect to depth (Figure S17d) shows a high
incidence of zinc and cyanide throughout the developed film
but nearly no 2MIm. As such, we conclude that the water-
based development dissolves away 2MIm and exposed zinc at
the film surface.
Based on the results from multiple EUV characterization

methods including EUV PES, reflectometry/EUV absorption,
RGA, and TEY, it can be concluded that aZnMIm resist films,
which have an EUV absorption coefficient of 6.2 μm−1, have
similar EUV absorption properties to Zr-oxo cluster-based
resists (σ ∼ 6−7 μm−1),111 which are slightly more sensitive
than polymer-type photoresists. aZnMIm resists show EUV
absorption and TEY nearly identical to those of PMMA and
are significantly less EUV sensitive than the industry-standard
metal-containing SnOx-type resists, which have a high density
of EUV-absorptive Sn atoms. These findings support the
argument that EUV sensitivity is determined more by the film
composition and the inclusion of highly absorptive elements
than by specific resist chemistry. While aZnMIm films contain
Zn atoms, the metal content is low (C:N:Zn ratio of
9.4:3.4:1),48 resulting in a resist whose absorption properties
are nearly the same as if there were no metal atoms. Compared
to PHS and other similar resists, aZnMIm films generate more
secondary and primary electrons, as demonstrated by PES and
TEY, but have a lower ratio of slow-to-fast electrons, indicating
a material with less efficient conversion of primary electrons to
secondary electrons. Outgassing of aZnMIm during EUV

exposure results in the emission of primarily H2 but also 2MIm
fragments. CO2 is also detected, but it may be at least in part
attributed to sample and/or instrument contamination. TOF-
SIMS analysis reveals that high-dose EUV exposure promotes
only partial fragmentation of 2MIm organic linkers, unlike
high-dose electron beam exposure, which fully degrades
2MIm.48 Interestingly, during water development, the intact
2MIm molecules in the exposed areas are removed, leaving a
nearly 2MIm-free resist in these areas.
BEUVL Response Characteristics of aZnMIm Resists.

Wavelengths shorter than 13.5 nm have been proposed as
candidates for future lithographic patterning technology nodes,
with a wavelength of 6.x nm (6.5−6.7 nm) being suggested as
a potential candidate for BEUVL.8,125,126 To realize 6.x nm
optical lithography, optimization of the light source, reflective
optics, photoresist materials, and other HVM challenges must
be addressed.127−130 In terms of photoresist development,
early studies predict that optical properties and photoresist
sensitivities will change significantly from 13.5 nm to 6.x nm
due to sharp differences in optical absorption proper-
ties.8,130,131

Using data available in the CXRO X-ray database,106 BEUV
atomic absorption cross-sections at a wavelength of 6.7 nm
were calculated and plotted as a function of atomic number in
Figure 4a. The equations used for calculating BEUV atomic
absorption cross-sections are included in Section S3. When
compared to the elemental absorption cross-sections at 13.5

Figure 4. aZnMIm response to a BEUV wavelength of 6.7 nm. (a) Atomic absorption cross-sections at a wavelength of 6.7 nm (185.05 eV).
Elements with atomic numbers from 1 to 88 were plotted using atomic scattering factors from the CXRO X-ray database.106 (b) Reflectometry data
obtained experimentally and model fit for a 45 nm thick aZnMIm film to determine BEUV absorption. (c) BEUV photoelectron spectrum of an
aZnMIm film showing the distribution of primary and secondary electrons. The inset shows a zoomed-in view of the low-energy secondary
electrons (<20 eV). (d) TEY for many model photoresist materials at a wavelength of 6.7 nm. Two aZnMIm locations were tested along with PHS,
poly(pentafluorostyrene), PMMA, and poly(iodostyrene). (e) BEUV exposure of a 45 nm thick aZnMIm film at doses between 100 and 6000 mJ/
cm2. Following BEUV, the aZnMIm film was exposed to hfacH vapor at 120 °C for 60 s and then rinsed with methanol. (f) A contrast curve
corresponding to the film in (e) with BEUV exposure spots measured via spectroscopic ellipsometry and then normalized with respect to the
original film thickness after MLD.
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nm,110 it is clear that absorption is lower for elements at 6.7
nm; however, the overall trend in absorption changes
significantly, with common EUV photoresist metals like Sn,
In, Sb, and Zr becoming very low absorbers at BEUV
wavelengths, while transition metals like Zn and Hf are some
of the highest absorbers. As such, Zn-containing aZnMIm
resists could be potential candidates for next-generation
BEUVL photoresists.
Because the ALS at Berkeley National Laboratory can be

easily tuned to wavelengths in the BEUVL range (6.5−6.7
nm), BEUV reflectometry, PES, and TEY measurements were
repeated to determine the BEUV response characteristics of
aZnMIm resists. Similar to how 13.5 nm was selected as the
wavelength of choice for EUVL, the wavelengths used for
BEUVL were selected guided by the reflectivity performance of
top-performing multilayer mirrors. Among the most efficient
are La/B, La/B4C, and Mo/B4C multilayer systems, which
demonstrate peak reflectivities of 60−80% near 6.7 nm.132−134

Depending on the literature reference, the optimal perform-
ance of these mirrors is reported at a wavelength of either 6.65
nm132,133 or 6.7 nm.134 Based on this information, we
performed reflectometry measurements in the 6.6−6.7 nm
range to evaluate light absorption. These data are presented in
Figures S18 and 4b for measurements at 6.6/6.65 and 6.7 nm,
respectively. The resulting linear attenuation coefficients were
found to increase monotonically with wavelength�from 2.68
μm−1 at 6.6 nm to 2.72 μm−1 at 6.7 nm. These values are
relatively low compared to those reported for EUV wave-
lengths because the attenuation coefficients are expected to
decrease as incident photon absorption is generally lower at
higher photon energies.130,131 For a 20 nm aZnMIm resist, the
corresponding BEUV absorption ranges from 5.22% to 5.29%,
depending on the exact wavelength. Because 6.7 nm showed
the most promising behavior and is the most likely candidate
for BEUVL, all subsequent characterizations were conducted at
a wavelength of 6.7 nm, corresponding to a photon energy of
185.05 eV.
The photoelectron spectrum collected during irradiation at

6.7 nm is shown in Figure 4c. The spectrum exhibits an onset
of electron emission at a kinetic energy of approximately 180
eV. Near the onset, a pronounced feature appears in the
valence band, corresponding to the photoemission of Zn 3d
electrons. The rest of the spectrum is largely featureless, aside
from a small peak at around 90 eV, likely due to Zn 3p
emission. According to Yeh et al., the photoionization cross-
section for the Zn 3p level at this energy is significantly lower
than that for the Zn 3d level, resulting in a barely visible peak
in the photoelectron spectrum.135 Below a kinetic energy of 20
eV, the spectrum is dominated by slow secondary electron
emission. Comparing the photoelectron spectrum of aZnMIm
with that of the common photoresist PHS in Figure S19
reveals that during exposure to a wavelength of 6.7 nm,
aZnMIm emits more photoelectrons than PHS. The PHS
spectrum is nearly featureless except for a peak around 78 eV,
corresponding to Si 2p electron emission from the substrate.
Due to the low thickness (∼10 nm) of the PHS film, some of
these substrate-emitted electrons can traverse the film and be
detected. A comparison of the ratio of slow to fast electrons,
which reflects the yield of secondary electrons per primary
electron, yields a ratio of 3.59 for aZnMIm which is slightly
lower than the 4.05 observed for PHS. This trend mirrors the
previous observations at EUV wavelengths, although the
absolute values are reduced.

Figure 4d presents the TEY from several materials, including
two different locations from an aZnMIm film. The measure-
ments show that aZnMIm emits nearly twice as many electrons
as PHS at 6.7 nm. Furthermore, the TEY from aZnMIm
surpasses that of PMMA, poly(pentafluorostyrene), and
poly(4-iodostyrene), with the latter two being known for
their high EUV TEYs. Despite these advantages, the absolute
electron yield at 6.7 nm remains approximately half of that
observed under EUV exposure, consistent with the lower light
absorption in this wavelength range.
Based on these promising observations, BEUV exposure at a

wavelength of 6.7 nm was conducted at the ALS at Berkeley
National Laboratory, exposing a 45 nm thick aZnMIm film to
21 different doses ranging from 100 to 6000 mJ/cm2, as
depicted in Figure 4e. The dose corresponding to each
exposure is shown in Figure S20. Following exposure, the film
was developed using hfacH vapor at 120 °C for 60 s followed
by a methanol rinse. All exposure spots apart from 100 mJ/cm2

are clearly visible by eye after development. After exposure
spot heights were extracted using ellipsometry, the heights
were normalized with respect to the original height of the film
measured after MLD and then plotted against dose to give the
BEUV contrast curve for aZnMIm shown in Figure 4f.
Consistent with the behavior observed at EUV exposure
wavelengths for dry-developed aZnMIm, the measured height
continues to increase with dose rather than leveling off at high
doses to give the classic sigmoidal contrast curve shape.
Calculation of the lithographic parameters reveals a BEUV
sensitivity of 2741 mJ/cm2 and a lithographic contrast of 0.56.
While the contrast did not significantly change as a result of
decreasing wavelength, a 7x increase in required dose was
observed, similar to experimental observations by Anderson
and coworkers where the sensitivity of an organic CAR resist at
6.7 nm was shown to be a factor of 6 lower than the sensitivity
at 13.5 nm.130

■ CONCLUSION
In summary, it was demonstrated for the first time that
amorphous zinc-imidazolate (aZnMIm) resists, which have
previously shown capability as high-resolution electron beam
resists, can also function as negative-tone EUV photoresists.
While water development of EUV-exposed aZnMIm produces
a high sensitivity of 5 mJ/cm2, significant residue in the
nonexposed areas prevents water from being used as an
effective developer. Acetic acid development, on the other
hand, results in rapid dissolution of both exposed and
nonexposed regions, leading to poor contrast. A hybrid
development method�initial water development followed by
acetic acid�achieved more selective removal of nonexposed
material while retaining EUV-treated areas, resulting in
residue-free development and a sensitivity of 181 mJ/cm2.
Dry development of EUV-exposed aZnMIm using 1,1,1,5,5,5-
hexafluoroacetylacetone (hfacH) was also demonstrated;
however, low sensitivity and contrast were observed. Several
experimental techniques, including EUV PES, reflectometry,
TEY, RGA, and TOF-SIMS, were employed to study EUV-
exposed aZnMIm thin films. Reflectometry revealed that
aZnMIm resists have EUV absorption properties similar to
those of Zr-oxo cluster-based resists, which are slightly more
sensitive than polymer-type photoresists. EUV PES analysis
shows that, compared to PHS, aZnMIm emits more primary
and secondary electrons, while TEY experiments reveal an
electron yield similar to that of PMMA. RGA shows that when
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exposed to EUV, aZnMIm predominantly outgasses H2 while
TOF-SIMS measurements demonstrate that high-dose EUV
exposure partially fragments the 2MIm organic linkers. For the
first time, aZnMIm resists were investigated for their
performance as potential next-generation BEUV photoresists
due to their inclusion of Zn metal atoms, which show high
sensitivity at a wavelength of 6.7 nm. TEY measurements
demonstrate that aZnMIm emits nearly twice as many
electrons as PHS at 6.7 nm. Furthermore, the TEY from
aZnMIm surpasses those of PMMA, poly(pentafluorostyrene),
and poly(4-iodostyrene). This work provides a deeper
understanding of how ZIF-based materials interact with EUV
light and shows for the first time the potential of amorphous
ZIF materials to function as both wet and dry developable
EUV photoresists as well as BEUV resists. Future work will
focus on tuning material chemistry to increase lithographic
properties, as well as investigating high-resolution patterning.

■ EXPERIMENTAL SECTION
Materials. Diethylzinc (DEZ) (95%, Strem Chemicals), 2-

methylimidazole (2MIm) (99%, Millipore-Sigma), methanol
(99.8%, Fisher Scientific), acetic acid (99.7%, Sigma-Aldrich),
tetramethylammonium hydroxide (TMAH) (25 wt % in H2O,
Sigma-Aldrich), poly(4-hydroxystyrene) (Polymer Source,
Inc.), poly(methyl methacrylate) (Polymer Source, Inc.),
poly(pentafluorostyrene) (Polymer Source, Inc.), poly(4-
iodostyrene) (Polymer Source, Inc.), propylene glycol methyl
ether (PGME) (Sigma-Aldrich), propylene glycol methyl ether
acetate (PGMEA) (Sigma-Aldrich), nitrogen (N2) gas
(>99.999%, AirGas), and argon (Ar) gas (>99.999%, AirGas)
were used as received without further purification. 1,1,1,5,5,5-
hexafluoroacetylacetone (hfacH) (98%, Sigma-Aldrich) was
purified with three freeze-pump-thaw cycles before use.
Homemade Milli-Q DI water (H2O) was used. Silicon (100)
wafers were purchased from UniversityWafer Inc. A custom-
designed mask with a SiC membrane and electroplated gold
gratings was fabricated at Applied Nanotools Inc. 1 Mil Kapton
tape was purchased from Uline.
Ellipsometry. Film thicknesses were measured by using a

Film Sense FS1 ellipsometer using four LEDs with wavelengths
between 465.27 and 641.13 nm. SiO2 thickness was measured
using the built-in SiO2 on Si model, and the deposited film
thickness was measured with a Cauchy model.
Spectroscopic Ellipsometry. All samples apart from the

samples shown in Figures 2c, S11, and 4e were measured using
a J. Woollam M-2000X Spectroscopic Ellipsometer over the
spectral range of 1.3−6.45 eV; film thickness was extracted
using a model comprised of a Cauchy thin film on a Si
substrate. The film depicted in Figures 2c and S11 was
measured by using a Bruker FilmTek 2000 PAR-SE
Spectroscopic Ellipsometer with a spot size of 50 μm. The
sample shown in Figure 4e was measured using a J. Woollam
M-2000X Spectroscopic Ellipsometer over the spectral range of
1.1−3.1 eV.
Scanning Electron Microscopy (SEM). SEM images were

acquired with a ThermoFisher Helios G4 UC DualBeam at an
acceleration voltage of 5 kV and a current of 100 pA.
Optical Microscopy. An Olympus BX53MTRF-S instru-

ment was used for optical micrograph imaging. The sample of
interest was placed onto the stage and focused using a 5x
objective. The micrograph was obtained using the panorama
function and focused using an image map. If required, images

were processed with GIMP to combine the individual scans
into a single focused image.
X-ray Photoelectron Spectroscopy (XPS). XPS spectra

were acquired on a nonmonochromatic PHI 5600 XPS using
1253.6 eV Mg Kα X-rays at a power of 300 W. Survey scans
were acquired at a pass energy of 178.95 eV. High-resolution
scans were acquired at a pass energy of 23.5 eV.
EUV Exposure. EUV exposure was conducted at EUV

Tech Inc. on an experimental general-purpose EUV flood
exposure tool in a cleanroom. A 100 mm Si wafer was coated
with between 15 and 100 nm of aZnMIm at JHU before being
packaged and vacuum-sealed in air. At EUV Tech Inc., the
wafers were loaded vertically into a high-vacuum chamber and
pumped down. The EUV source was started, and a diode was
inserted between the sample and beam to measure the beam
current. After recording the current, the diode was removed,
and a recipe was loaded. The wafer was rotated to 0° before
the shutter was opened for a set amount of time. The shutter
automatically closed and rotated 45° before the shutter was
opened again for the desired time. This process was repeated
six more times to expose a total of eight locations, each 45°
apart. After all eight locations were exposed, the diode was
inserted and the beam current was recorded again. The beam
was shut off, and the system was vented. After being vented,
the sample was removed from the chamber. To calculate the
exposure dose, the flood spot area (which looked to be
approximately 2.5 × 5 mm) was measured on a nondeveloped
sample latent image using ImageJ and was found to be 0.103
cm2 (Figure S21). The pre- and postexposure current
measured from the diode was averaged. The EUV dose was
determined using the equation below, where time (s) is the
duration for the shutter remaining open in a recipe:

= × ×

×

i
k
jjj y

{
zzzDose

mJ
cm

current (mA)
1 mW

0.09 mA
1 mJ/s
1 mW

time (s)
spot area (cm )

2

2 (3)

Line Patterning with EUV Flood Exposure Tool. Line
patterning was conducted using the EUV exposure tool at EUV
Tech Inc. A 100 mm Si wafer was coated with between 15 and
100 nm of aZnMIm at JHU before being packaged and
vacuum-sealed in air. Once at EUV Tech Inc., the spot location
on a developed sample was measured and found to be
approximately 16.5 mm from the center of the wafer. A
custom-made coarse grating mask from Applied Nanotools Inc.
was used for line patterning. The mask was 5 mm × 5 mm with
a 1.1 mm × 1.1 mm window. The mask was placed onto the
resist-coated wafer with the central window 16.5 mm away
from the center (35.5 mm away from the rounded wafer edge).
The mask was then taped onto the wafer with Kapton tape.
The wafer with the attached mask was loaded vertically into a
high-vacuum chamber and pumped down. While pumping
down, start and stop points for EUV exposure were
determined. Based on the location of the 1.1 mm × 1.1 mm
window 16.5 mm away from the center of the wafer, the
required beam speed was calculated so that the beam exposed
the 1.21 mm2 area for the desired amount of time. The desired
amount of time was scaled based on the transmittance of the
SiC mask membrane, which is reported to be 64% at 13.5 nm
(Figure S3). The EUV source was started, and a diode was
inserted between the sample and the beam to measure the
beam current. After the current was recorded, the diode was
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removed. The beam was swept from the start point to the stop
point at the entered beam speed with the beam shutter open.
Once finished, the shutter was closed, the diode was inserted,
and the beam current was recorded again. The beam was shut
off, and the system was vented. After venting, the sample was
removed from the chamber.
Liquid Development. A 655 μM acetic acid solution was

prepared by diluting glacial acetic acid with DI water. 0.265
and 0.55 M TMAH solutions were prepared by diluting 25 wt
% TMAH with DI water. For batch development, a 5 in. × 5
in. dish was filled with 150 mL of DI water, 655 μM acetic acid,
methanol, or 0.265/0.55 M TMAH solution. The wafer was
inserted into the developer and gently agitated for the desired
time. The wafer was then removed from the developer. Films
developed in water were immediately dried with pressurized
nitrogen or compressed air. Films developed in acetic acid
were removed from the developer and rinsed with methanol
before being dried with pressurized nitrogen or compressed air.
For flow development, a homemade flow device was 3D-
printed and set up as described elsewhere.66 In brief, a silicon
wafer was placed into the device, and a PDMS-coated glass
slide (7.5 cm × 1.5 cm) was placed on top of the device. A 60
mL syringe was filled with DI water and mounted on a syringe
pump. During dissolution, water was injected into the device
through silicone tubing at a flow rate of 2 mL/min. For spin-off
development, a wafer was placed into a spin coater, and a 60
mL syringe was filled with DI water before being mounted into
a syringe pump. The wafer was spun at 2000 rpm, while water
was introduced above the spinning wafer at a flow rate of 2
mL/min.
Dry Deposition of Amorphous Zinc-Imidazolate Thin

Films by Atomic/Molecular Layer Deposition (ALD/
MLD). The deposition of aZnMIm films was carried out
according to previous experiments.48 In brief, 100 mm silicon
(100) wafers to be used as substrates were cleaned by
sonication in ethanol. The native SiO2 film thickness was
measured by ellipsometry, and substrates with an oxide film
thickness of >2.2 nm were not used. DEZ and 2MIm were
pulsed sequentially into a home-built flow-through MLD
reactor with intermittent Ar gas purges. The DEZ precursor
cylinder was maintained at ambient temperature, and the
2MIm precursor cylinder was placed in a box oven heated to
150 °C with the reactor. Pulse lengths of DEZ and 2MIm were
fixed at 50 and 100 ms, respectively. Purge lengths of 30 s for
DEZ and 45 s for 2MIm were used. The precursor inlet and
reactor outlet lines were heated to 100 °C to prevent
condensation of 2MIm and DEZ. The Ar flow rate in the
reactor was set to 10 sccm.
Dry Development. Films were placed in a quartz tube

reactor with stainless-steel fittings and heated to 120 °C in an
oven. The system was evacuated to a base pressure of 0.05
mbar before imposing a 5 sccm argon flow at a pressure of 2
mbar. The system was left to be evacuated for 30 min. After 30
min, the argon flow was turned off and the system was allowed
to purge for another 60 s. Subsequently, the valve to the pump
was turned off, and the hfacH valve was opened for 2 s. The
sample was exposed to a static hfacH pressure of 6.5 mbar for
the desired time of 10−60 s. Finally, the system was evacuated
under dynamic vacuum with a 5 sccm argon flow for 30 min
and then allowed to cool to room temperature.
Direct-Write Electron Beam Lithography. EBL pattern-

ing experiments were conducted on a ThermoFisher Helios G4
UC Focused Ion Dual Beam Microscope. An acceleration

voltage of 5 kV was chosen, and a beam current of 100 pA was
used. All patterns were exposed for a dwell time of 1 μs, while
the pass (scan) number was varied in each exposure to obtain
the desired electron dose. The electron dose was calculated as
a function of the pixel size, current, number of scans, and dwell
time. Pattern files were generated in Adobe Photoshop with a
pixel density of 454 pixels per inch and a pixel size of 2.1 nm.
Reflectometry/EUV Absorption Analysis. EUV absorp-

tion measurements were performed at the ALS beamline 6.3.2
at the Lawrence Berkeley National Laboratory using the
reflectivity method.112 Reflectivity measurements at 13.5 nm
were conducted by using a 200 mm−1 grating, a Be filter, and a
photodiode detector. The components of the complex
refractive index ñ are given as:

= +n i1 (4)

where δ is the dispersive component and β is the absorptive
component of the refractive index of the polymer film. The
imaginary part of the refractive index is obtained by fitting the
experimental data. From the obtained value of β, the linear
attenuation coefficient, μ ,of the polymer is calculated using the
following equation:

= ×4
(5)

where λ is the irradiation wavelength.
Photoelectron Spectroscopy. A custom-built PES instru-

ment, installed at ALS beamline 12.0.1.2, was used to analyze
EUV-sensitive materials. During the measurement, the sample
is exposed to EUV radiation and the emitted electrons are
collected using a retarding field analyzer. The instrument
features the continuous movement of the sample in front of the
detector, ensuring that the photoelectron signal is collected
from a fresh, unexposed region of the film. This minimizes the
impact of EUV exposure during the measurement, which is
critical for EUV-sensitive materials. The estimated EUV dose
during the measurement is approximately 2 mJ/cm2, which is
generally below the sensitivity of known EUV resists.
Deposition of Polymer Films for PES and TEY

Analysis. Thin films of polymers, such as poly(4-hydroxystyr-
ene), poly(4-iodostyrene), poly(pentafluorostyrene), and poly-
(methyl methacrylate), were prepared from ∼5 mg/mL
solutions of polymer powder in a 1:1 mixture of PGME and
PGMEA. The solutions were spin-coated onto 100 mm Si
wafers to achieve a uniform film thickness of approximately
10−17 nm. Following spin-coating, the samples underwent a
postapplication bake at 110 °C for 60 s.
Total Electron Yield. The TEY technique measures the

current generated by electrons emitted from a sample during
EUV exposure. The measurement was performed at the ALS
beamline 6.3.2. The measured drain current is normalized by
the photon flux, which is measured with a silicon photodiode.
The resulting TEY is determined as the electron yield per unit
of photon flux.
Residual Gas Analysis for Resist Outgassing. Outgas-

sing measurements were conducted at ALS beamline 12.0.1.2.
The experimental setup136 utilized a sample holder capable of
accommodating up to 50 samples on 10 × 10 mm2 Si wafer
coupons, significantly increasing the measurement throughput.
Moderate EUV photon flux levels (1.3 mJ/cm2/s) were
employed to balance signal clarity with detector sensitivity,
enabling the capture of time-dependent changes in the
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outgassing signals. The outgassing measurement was per-
formed using a residual gas analyzer manufactured by Stanford
Research Systems Inc., capable of detecting mass-to-charge
ratios ranging from 1 to 300. Background signals, recorded in
the absence of EUV exposure, were subtracted from the
outgassing signals to isolate species released from the resist
during irradiation. The resulting outgassing spectra allowed for
the identification of specific chemical species and tracked their
evolution over exposure time.
Time-of-Flight Secondary Ion Mass Spectrometry.

TOF-SIMS experiments were performed similarly to those
described elsewhere.137 In brief, an ION TOF M6
spectrometer with a Bi3 primary ion source was used with
the analyzer set to detect negative ions. During the analysis, the
flood gun was active to prevent surface charging. An individual
scan measured the mass spectrum of a 100 μm2 region of the
sample surface, recording 20 frames in total. Depth profiling
was done by sputtering a 300 μm2 region with 1200-atom
argon clusters at 5 keV/4 nA and recording 4 frames of a 100
μm2 region within the raster every 3 s, for 80 s of sputtering in
total.
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