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Abstract

The development of new resist materials is vital to fabrication techniques for next-generation
microelectronics. Inorganic resists are promising candidates because they have higher etch
resistance, are more impervious to pattern collapse, and are more absorbing of extreme
ultraviolet (EUV) radiation than organic resists. However, there is limited understanding about
how they behave under irradiation. In this work, a Hf-based hybrid thin film resist, known as
“hafnicone”, is deposited from the vapor-phase via molecular layer deposition (MLD) and its
electron-beam and deep ultra-violet (DUV) induced patterning mechanism is explored. The
hafnicone thin films are deposited at 100 °C using the Hf precursor
tetrakis(dimethylamido)hafnium(lV) and the organic precursor ethylene glycol. E-beam
lithography, scanning electron microscopy and profilometry are used to investigate the resist
performance of hafnicone. Using 3M HCl as the developer, hafnicone behaves as a negative
tone resist which exhibits a sensitivity of 400 uC/cm?and the ability to resolve 50 nm line
widths. The resist is characterized via x-ray photoelectron spectroscopy (XPS) and infrared
spectroscopy (IR) to investigate the patterning mechanism, which is described in the context of
classical nucleation theory. This study of hafnicone hybrid MLD demonstrates the ability for the
bottom-up vapor-deposition of inorganic resists to be utilized in advanced e-beam and DUV

lithographic techniques.



Introduction

Continued development of lithographic techniques and material systems is critical for
the fabrication of increasingly smaller microelectronic devices and the continued progression of
Moore’s law. The top-down fabrication approach remains the prevailing technique in the
microelectronics industry,2 which is a subtractive process in which nanostructures are carved
out of bulk substrates. Lithography plays a central role in the top-down approach,® in which a
desired pattern is created in a sacrificial layer, called the resist, which is deposited onto the
substrate. Subsequent etch and deposition steps are carried out to generate 3D structures
based on the pattern created on the resist. One type of resist, termed an inorganic resist,%™’ is
attracting increased attention. These resists consist of inorganic nanoparticles such as hafnium
oxide,® ! titanium oxide,** or zirconium oxide*!? that are surface decorated with organic
ligands such as methacrylic acid. These inorganic resists have several advantages over their
organic counterparts: they are more resistant to etching, especially dry etching, are more
absorbing of extreme ultraviolet (EUV), and are more resistant to pattern collapse because they
are structurally more stable.? Resists can be sensitive to light or electrons, acting as either a
photoresist or e-beam resist, respectively. Deep ultra-violet (DUV) and EUV photolithography
are the most prevalent techniques used in industry; however, electron beam lithography is also
important and remains the dominant technique in research settings as well as small scale
industrial processes because of its mask-less nature (direct-write) and ease in achieving very

high resolution (sub-10 nm).?



As industry trends towards smaller feature sizes, there is a growing need for alternative
methods to deposit lithographic resists with a high degree of control at nanoscale thickness.!
Moreover, vapor deposition of the e-beam or photo-resist, instead of the more common spin
coating,! would provide several advantages: (1) vacuum vapor deposition may be more
amenable to the typical process conditions for nanofabrication and lithography, which occur in
vacuum; (2) the need to bake the resist to remove the carrier solvent can be eliminated, which
means a theoretically lower processing temperature; (3) conformal resist coatings better allow
for the fabrication of structures on topologically complex, 3D substrates compared to spin-coat
resist methods, for which complicated modifications are required to coat non-planar surfaces.?
One deposition method that possesses many of these capabilities is atomic or molecular layer
deposition (ALD or MLD). The semiconductor industry already employs ALD in part of their
process flow. ALD (and MLD) are used in industry because they can deposit surface coatings
with accurate composition and thickness. Although this layer-by-layer deposition technique is
primarily used to deposit dielectrics, such as HfO,° and Al,03,° in applications such as logic
gates or dynamic random access memory (DRAM), there is opportunity to expand the
technique to resist deposition. Reports of vapor deposited, bottom-up deposition of resists are
limited,'*” and the specific utilization of ALD or MLD has only been applied for organic
resists.'>'® Coincidentally, the coordination polymers that can be readily deposited via MLD*®
are very similar compositionally to the inorganic resists reported above. Due to the layer-by-
layer nature of MLD, there is control over the composition of the grown material, and even
ternary (multiple metal or ligands) materials can be synthesized.?? Also, due to the self-limiting

nature of MLD, it holds advantages as a vapor deposition method for the conformal coating of



resist material on non-planar surfaces. Hence, it is worthwhile to study the resist properties of
these MLD-grown coordination polymers as a potential approach to develop inorganic resists

for next-generation microelectronics processing.

In this work, we demonstrate the feasibility of MLD for the vapor-phase deposition of
thin film inorganic resists. We investigate the use of an MLD hafnium-based hybrid thin film as
both an e-beam and DUV resist. The resist film is synthesized using
tetrakis(dimethylamino)hafnium(lV) (TDMAHf) and ethylene glycol (EG) as the hafnium and
organic precursor, respectively. Hafnium-based hybrids, termed “hafnicones”, hold special
interest because hafnium has a high absorbance cross-section in the DUV and extreme
ultraviolet (EUV) for a metal.?! We examine the hafnicone resist performance and pattern-
ability via contrast and development curves and demonstrate the ability to resolve 50 nm line
widths. Furthermore, we study the patterning mechanism and show that the same mechanism
operates under both e-beam and DUV irradiation. As a proxy for EUV irradiation studies, which
are difficult due to the scarcity of EUV lithography setups, we employ e-beam lithography to
mimic the generation of secondary electrons that are hypothesized to be ultimately responsible
for the solubility switch reactions in EUV processes.?? While hafnium-based inorganic resists®1!
and vapor deposited resists!**” have been studied before, this study lays the groundwork for
the use of vapor-phase MLD in the deposition of hybrid inorganic-organic thin films for e-beam
or photo-resist applications. Along with conformality of high aspect ratio non-planar substrates,

MLD allows for fine compositional control: with many metal and organic precursors to choose

from, this deposition technique allows for a wide design and parameter space to create and



tune inorganic resists with better lithographic performance to advance device fabrication

processes.

Experimental

Chemicals: Tetrakis(dimethylamino)hafnium(lV) (TDMAHf) was purchased from Strem
Chemicals and anhydrous ethylene glycol (EG) was purchased from Sigma Aldrich. All chemicals
were stored in the glove box for storage and used as received. Thin films were deposited on n-
doped (100) Si substrates with 1.5 nm native oxide from WRS Materials. Prior to deposition,
substrates were first sonicated in deionized water for 10 minutes, dried with air, and then
cleaned for 15 minutes in a Novascan PSD Series Digital UV Ozone System to remove any

remaining organic contamination.

Deposition: Depositions were carried out in a home-built warm-walled tube reactor as
described previously, with modifications to the hafnicone deposition process conditions
described below.?372°> The reactor was pumped by a Leybold Trivac rotary vane pump and
continuously purged with 10 SCCM of dry N,. Depositions were carried out at a reactor stage
temperature of 100 °C for a total of 200 MLD cycles. The transfer lines and bubblers containing
TDMAHf and EG were heated to 45 °C and 55 °C, respectively. A hafnicone MLD cycle consisted
of two temporally separated half cycles, in which TDMAHT followed by EG was introduced into
the reactor. Each precursor half cycle was comprised of three steps: (1) dose, in which the
precursor was introduced into the chamber; (2) soak, in which the nitrogen and the pump lines

were closed so that the dosed precursor vapor could remain in the reactor to react; (3) purge,



in which both nitrogen and pump lines were opened to the chamber to remove all unreacted
precursors and byproducts. The dose, soak, and purge times for both precursors were 1's, 20 s,

and 60 s, respectively.

Electron-beam lithography and development: Electron-beam lithography (EBL) was
performed on a Raith VOYAGER electron beam lithography system, operated at 50 keV and 5
nA. Lithographic patterns were designed in KLayout. The compatibility of various developers
were tested with the hafnicone resist, shown in Sl Figure S6, and 3M HCl was chosen as the
negative developer, and substrates were typically developed for 3 minutes and then rinsed with
DI water. Typical base doses for the dose matrix pattern were 50 pC/cm? and 100 uC/cm?. For
the dose matrix pattern, the dose factor multiplied by a preset base dose determines the final
exposure level per area. For measurements that required a blanket instead of a patterned
sample, such as for IR or XPS, a much larger area of 1 cm? was exposed in the e-beam

lithography system, as shown in Figure S5a.

DUV exposure and development: A 254 nm handheld DUV light lamp (Cole-Parmer,
intensity of 280 pW/cm? as measured by a Newport 91150V Reference Cell and Meter) was
used to test the DUV sensitivity of hafnicone. Flood exposure tests were performed for 30
minutes which corresponds to doses of 500 mJ/cm?. Development conditions were the same as

for e-beam exposed samples.

Characterization: The thicknesses of the deposited films were determined by variable
angle spectroscopic ellipsometry (VASE) using a J. A. Woollam Co. a-SE spectroscopic

ellipsometer with a spectral range of 300-900 nm. X-ray photoelectron spectroscopy (XPS) was



performed on a PHI 5000 Versaprobe 3 with a monochromatic Al Ka X-ray source at 1486 eV.
Prior to XPS analysis, samples were sputter cleaned of adventitious carbonaceous species via
gas cluster ion beam (GCIB) sputtering. Survey scans were performed with 3 passes at 224 eV

pass energy while high resolution scans were done with 5 passes at 55 eV pass energy.

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) was
performed using a Nicolet iS50 FTIR spectrometer with a Harrick VariGATR attachment and a
HgCdTe detector. FTIR spectra were taken with 64 scans at 2 cm™ resolution. Surface
morphology and pattern development were probed with profilometry using a Bruker Pektak XT-
A, where typical line scans were 1200 um and used 1mg force probe, and scanning electron
microscopy using a FEI Magellan 400 XHR SEM, operated at 1keV to improve surface sensitivity

and contrast.

Results and Discussion

MLD of hafnicone: The growth characteristics of hafnicone were reported in an earlier
paper by our group.?® For this study, we performed 200 hafnicone MLD cycles, which resulted in
a film thickness of 300 + 8 A (error bar is one standard deviation) as measured by VASE. The
resulting GPC of 1.5 A/cycle is slightly higher than our previous reported saturating growth rate
of 1.4 A/cycle.?® This small difference in growth rates is within the uncertainty of the
measurement, but may also be related to the lower deposition temperature of the present
work compared to the earlier study, which was performed at 110 °C instead of 100 °C, since

there is a slight temperature dependence of GPC even within the MLD window.?® The lower



deposition temperature may also lead to elevated GPC if a slight chemical vapor deposition

(CVD) growth component is present due to insufficient purging.

The elemental composition and oxidation state of the deposited hafnicone film were
probed via XPS, with the spectra shown in Figure 1. The survey scan shown in Figure 1a reveals
that the as-deposited hafnicone film contains only the expected elements of Hf, O, and C. The
Hf 4f high-resolution scan shown in Figure 1b reveals that the Hf is present as Hf(IV), which is
expected since the TDMAHTf precursor is in the +4 oxidation state and the reaction between the

two precursors is likely a ligand exchange reaction with no change in oxidation state.
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Figure 1 (a) XPS survey scan of hafnicone films. (b) XPS Hf 4f high-resolution scan. (c) XPS C 1s
high-resolution scan. (d) XPS O 1s high-resolution scan. All spectra shown for hafnicone film as-
deposited and after e-beam or DUV exposure and development in 3 M HCl for 3 min. The peak

near 700 eV in the XPS survey arises from fluorine contamination at an elemental composition

of less than 1%.

The C 1s high-resolution scan plotted in Figure 1c shows that the carbon in the
unexposed, as-deposited hafnicone film matches that of carbon bonded to oxygen, which

appears at 286.7 eV.?’ The O1s high-resolution scan shown in Figure 1d, which has a peak
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located at 532.1 eV, is also consistent with the oxygen being bound to carbon and hafnium.?®
For reference, oxygen in the unreacted EG precursor appears at 533.0 eV;%° however, it is
reasonable that the ligand exchange reaction and the subsequent bonding change from C-O-H
to C-O-Hf can cause a downshift of this binding energy value. The experimental elemental ratio
of Hf:C:0 determined from the XPS survey scan is 1:4.4:4.4, which is close to the expected
nominal ratio of 1:4:4 for a hafnicone film with an ideal stoichiometry of Hf(C,H40,)4. However,
the quantification of the elemental ratios of hafnicone should be treated with caution due to

the presence of adventitious carbon.
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Figure 2: IR spectra of hafnicone film as-deposited and after e-beam or DUV exposure and
development in 3 M HCI for 3 min, with key vibrational modes indicated. The spectrum in red
was collected for a hafnicone film with e-beam exposure of 500 uC/cm?, and the spectrum in

blue was collected for a hafnicone film exposed to 30 min of a 254 nm DUV light source.
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IR spectroscopy was performed on the as-deposited (unexposed) hafnicone films to
confirm the chemical bonding. In the resulting spectra, shown in Figure 2, there are peaks
associated with both C-H (2844, 2909, 1441, 1070 cm™) and C-O (1214 cm™) vibrational modes,
which is expected for the MLD material since EG linkers are present. There is a notable absence
of a mode corresponding to amorphous HfO>, located at 680 cm™,3%31 which suggests the as-

deposited thin films have not degraded or formed hafnium oxide as a contaminant.
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Figure 3: (a) Dose matrix pattern, with numbers under each box representing the dose factor.
The dose factor multiplied by a preset base dose determines the final exposure level per area.
(b) Simple box and grating pattern used in the study, with numbers under grating representing

the width of the lines in nm. Lines were spaced 100 nm (red lines in inset) and 50 nm (blue lines
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in inset) apart. (c) SEM image of a representative 30 nm hafnicone sample exposed to the dose
matrix pattern with base dose of 100 uC/cm? after development in 3M HCl for 3 min. (d) SEM
image of a representative sample exposed to the box and grating pattern after development in

3M HCl for 3 min. Exposed resist condition was 500 pC/cm?for the box and grating pattern.

Electron-beam lithography (EBL) on hafnicone films: The deposited hafnicone films were
tested for resist behavior by exposure to an electron beam. The EBL pattern files are shown in
Figure 3a,b. The dose matrix pattern represented in Figure 3a was used to investigate the
sensitivity of the hafnicone resist; the resulting SEM image of the developed pattern is shown in
Figure 3c. Profilometry measurements of the dose matrix pattern using a base dose of 50
uC/cm? were used to generate the resist contrast curve shown in Figure 4a; the raw height
scans are shown in Sl Figure S1. The sensitivity of the hafnicone film, defined as the critical
electron dose at which normalized thickness equals 1 in the resist contrast curve, is determined
to be 400 uC/cm?. In addition, the contrast, which represents the ability of the resist to
differentiate between exposed and unexposed areas, is calculated based on the data in Figure
43 using the equation y = 1/logi0(D100/Do) to be 1.1; here Dioo represents the sensitivity and Do

represents the maximum dose for which the resist remains completely undeveloped.

Next a simple box and grid pattern, shown in Figure 3b, was used to test the finest line
pattern we could achieve with this MLD resist. In the box and grid pattern, the one-dimensional
lines vary in line width from 100 nm to 5 nm and have two different line spacing of 100 nm and

50 nm. From the SEM image in Figure 3d, it can be seen that lines are well resolved at a line
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width of 50 nm and line pitch of 100 nm. Lines become increasingly faint with reduction in line
width: by 20 nm line widths, the contrast in SEM is quite poor. Additionally, when the line pitch
is decreased from 100 nm to 50 nm, the lines become grouped together and are no longer well
resolved. We note that the resolution limit of the EBL instrument is ~10 nm. The blurring and

faintness of the line patterns below 50 nm is limited by the contrast of the resist.3?

The developer and development time used in the experiments shown in Figures 3 and 4
were 3M HCl and 3 minutes, respectively. The developer was selected based on comparative
studies with other acids and organic solvents. Besides 3 M HCI, blanket unexposed hafnicone
films were tested in 1M HCI, acetic acid, DMSO, acetonitrile, and acetone to select the best
negative developer, as shown in Figure S6. Only the 3 M HCl developer led to significant
dissolution of the resist film by 10 minutes of development, and thus was chosen for the
remainder of the studies. To determine the optimal development time, blanket hafnicone films
were exposed using e-beam lithography and DUV; these exposed samples plus as-deposited,
unexposed hafnicone films were immersed in 3M HCI developer and the resulting thicknesses
were tracked via VASE (Figure 4b). We observe that after 3 minutes of development, the
normalized thickness for the as-deposited hafnicone resist drops to <0.05, whereas the exposed
resist remains approximately 1. Thus, this hafnicone thin film exhibits negative resist behavior

using the 3M HCl developer and 3 minutes is sufficient for the desired contrast.
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Figure 4: (a) Contrast curve of Hf-EG resist, developed with 3M HCI for 3 minutes. Normalized
thickness is determined using profilometry on the dose matrix pattern (b) Development curves
of Hf-EG resist, with 3M HCI as the negative developer. E-beam exposure was 500 uC/cm?. DUV
exposure was 500 mJ/cm?. In (a), and (b), as-deposited hafnicone thickness was 30 nm for these

studies.

To investigate the electron response mechanism, the resist was probed with XPS and IR
spectroscopy after exposure and development to detect chemical changes in the film. The XPS
survey scans in Figure 1a of the post-exposure and post-development resist reveal that the
same elements are present as in the as-deposited hafnicone film. However, the high-resolution
spectra of the O 1s and C 1s regions reveal significant changes. In the O 1s spectrum of the
exposed resist, shown in Figure 1d, a shoulder feature emerges at lower binding energy. When
fitted, as shown in Sl Figure S2a, this shoulder corresponds to a peak at 530.0 eV, assigned to

hafnium oxide.3® The O 1s fit parameters, summarized in Sl Table S1, indicate that oxygen as
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hafnium oxide is 15% of the total oxygen present in the post-exposure resist. This result
contrasts with the as-deposited O 1s spectra, shown in Sl Figure S2b, in which negligible oxygen
is present as hafnium oxide. The C 1s spectrum in Figure 1c also reveals changes upon electron
irradiation: the post-exposed hafnicone shows two peaks, one at 289.5 eV34 and one at 285.0
eV,3* which correspond to carbon in carboxylate groups (O-C=0) and bonded to other carbon
(C-C), respectively. Notably, the peak at 286.7 eV, which is associated with carbon present as C-
O, is absent in the post-exposed spectrum. We hypothesize that the C-O bond is cleaved upon
e-beam irradiation, and that the carbon radicals that form can subsequently react with ambient
oxygen ex-situ or oxygen from the ethylene glycol ligand to form carboxylate species, which are
observed in both XPS and IR (see below); the former reaction mechanism of carbon radicals
with ambient oxygen post e-beam exposure is consistent with that attributed in the literature
to the formation of carboxylates in PMMA resists.3> Furthermore, the elemental ratio of Hf:C:0
in the post-exposed hafnicone is 1:2.6:4.0, showing a significant decrease in the carbon content
compared to the as-deposited hafnicone film. This result suggests that a portion of the carbon
content leaves the film once the C-O bond is cleaved, consistent with the loss in carbon content

observed in other inorganic resist systems after exposure.?

IR spectroscopy on the post-exposed and post-developed resist reveals the emergence
of several peaks between 1300-1600 cm, which can be attributed to C-O and C=0 peaks found
in carboxylate and carbonate moieties.3%3” The presence of these species is consistent with the
C 1s XPS spectra, which also show these oxidized carbon species. A peak also appears at ~680
cm which can be assigned to phonon modes of amorphous Hf0,.3%3! The observation of the

HfO, peak agrees with the O 1s XPS spectrum, which shows the appearance of HfO; species in
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the exposed hafnicone resist film. Together with the XPS results, the IR spectrum indicates that
the e-beam causes the hafnicone film to degrade and convert to HfO, and hafnium carboxylate

and carbonate species.

We also performed a box and grid pattern experiment with a high electron beam dose
to investigate any structural changes in the resist post-exposure. Three separate electron
exposure doses were performed, 500, 1000, and a significantly higher exposure of 5000 uC/cm?
to exaggerate any changes that the electron exposure may have on the resist. The developed
EBL pattern was imaged with SEM, with the results shown in Sl Figure S3a-c. There is evidence
in the SEM image of significant HfO, nanoparticle formation, between 10 and 100nm in size, for
the 1000 and 5000 puC/cm? exposure condition and minor nanoparticle formation at 500
nC/cm?. This result contrasts with the unexposed hafnicone resist, shown in SI Figure S3d,

which lacks any evident nanoparticles.

Response of Hafnicone Films to DUV Flood Exposure: In the DUV experiments, a shadow mask
was used as a proof-of-concept to demonstrate the DUV patternability of the hafnicone resist.
The pattern of the shadow mask is somewhat preserved (Sl Figure S4), although we do observe
blurring of the grating lines, attributed to the use of a rudimentary shadow mask instead of a
photoresist mask with beam optics in a real photolithography system. Next, as with the EBL
experiment, we investigated the development curve with 3M HCI, as shown in Figure 4b. The
film shows very similar development characteristics and the same negative resist behavior as

observed when e-beam exposed, and is also stable in the developer for at least 10 minutes. The
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results show that the development of the DUV-exposed hafnicone is very similar compared to

the electron-exposed hafnicone.

The DUV-exposed hafnicone film was also probed with XPS and IR spectroscopy to
detect chemical changes in the film. XPS survey scans of the post-DUV exposure resist reveal a
similar elemental composition to the as-deposited hafnicone resist, as shown in Figure 1a. The
high-resolution scans of the O 1s and C 1s spectra reveal the same significant changes as the
post e-beam exposure resist. The same shoulder feature in the O 1s scan is present in the DUV
exposed resist as in the e-beam sample (Figure 1d). When fitted, as shown in Sl Figure Slc, this
shoulder peak appears at 530.0 eV, which corresponds to hafnium oxide.3* The O 1s fit
parameters, summarized in Sl Table S2, indicate that oxygen in the form of hafnium oxide
constitutes 20% of the total oxygen present in the post-exposure resist, similar to the hafnium
oxide concentration in the post-e-beam resist (15%). Like the e-beam sample, the post DUV-
exposed hafnicone film shows two peaks in the C 1s spectrum in Figure 1c, one at 289.5 eV?®
and one at 285.0 eV,?8 corresponding to carbon as O-C=0 and C-C respectively. As was observed
in the e-beam studies, this spectrum lacks a C-O peak, suggesting that DUV light also causes the
C-O bond to cleave. With its Hf:C:O ratio equal to 1:2.7:4.0, the DUV exposed hafnicone film

also contains substantially less carbon than it did before exposure.
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IR spectroscopy performed on the hafnicone film after DUV exposure and development
reveals similar behavior to the film after e-beam exposure and development. Several peaks
emerge between 1300-1600 cm™, which can be attributed to C-O and C=0 stretching
vibrational modes found in carboxylate and carbonate moieties.3®38 The same HfO, peak as
seen in the e-beam exposed resist also emerges at ~680 cm™.3%3! Together with the XPS results,
the IR spectrum shows that similar chemical and structural changes occur in the DUV-exposed

resist as in the e-beam exposed resist.

Figure 5 — Mechanism scheme
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Figure 5: Patterning mechanism for hafnicone resist under DUV and e-beam exposure. (a)
Without exposure, the hafnicone resist is dissolved in HCl via chloride ion chelation to hafnium
ion centers. After DI rinse, the entire film is removed. (b) Post exposure, the C-O bond in the
ethylene glycol unit is cleaved, allowing the hafnium oxide centers to aggregate and form HfO,,

which is more resistant to dissolution. After DI rinse, the hafnium oxide remains.
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Patterning Mechanism: From the above data, we propose a chemical mechanism for the
negative resist response of hafnicone in the HCl developer. The mechanism is illustrated
schematically in Figure 5. Since the chemical changes for the DUV and e-beam exposed sample
are very similar, we hypothesize that the underlying patterning mechanism is the same. This
self-similarity in the patterning mechanism between the e-beam and light induced processes is
also observed in other resist systems like poly(methyl methacrylate) (PMMA) or poly(methyl
methacrylate-co-methacrylic acid) (AR-P 610).3° Here, we posit that in the as-deposited films,
the metal ion centers are solely coordinated to the oxygen in the ethylene glycol linkers as
shown via the Hf 4f and O 1s high-resolution XPS spectra, which would be atomically sized Hf-O
centers akin to a coordination polymer. Upon development of an unexposed film, the acid
reacts with the Hf-O bond, likely protonating the alkoxide and forming a water-soluble HfCl
species (Figure 5a). This reaction explains the as-deposited hafnicone development curve in 3M

HCI, with the normalized thickness dropping to <0.05 after 3 minutes of development.

Upon e-beam or DUV exposure, on the other hand, the data show that the C-O bond is
cleaved and hafnium oxide and carboxylate species are formed; while the DUV exposure was
done in ambient and the e-beam lithography performed under vacuum, we still see the same
carboxylate and hafnium oxide species upon either form of irradiation. With DUV exposure,
once the C-O bond is cleaved under DUV, carboxylates and hafnium oxide are formed upon
reaction with ambient oxygen. With e-beam, while the exposure is done in vacuum, the carbon
radicals that form can either react with the oxygen in ethylene glycol or with ambient oxygen

post-exposure to form the carboxylate. Again, we see this latter mechanism is operative in the
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formation of carbonyl and carboxylate species in the e-beam irradiation of PMMA and

subsequent ex-situ study by XPS.3>

We hypothesize that the exposure and subsequent bond cleavage and oxidation
reactions cause the formation of inorganic hafnium oxide nanoparticles by allowing the
hafnium oxide centers to aggregate (Figure 5b). These aggregated particles of HfOx are more
resistant to dissolution, since bulk hafnium oxide is not soluble in HCI, consistent with the
experimental development curves for the post-exposure and post-development resist which
show insolubility as well as the SEM images of nanoparticle formation of the developed resist in
SI Figure S3a-c. This hypothesized mechanism also explains the limitations of the hafnicone
resist in terms of patterning resolution. Because the irradiation causes the organic linkers to
dissociate and lead to HfO; aggregation, the resolution will be limited by this particle formation
and migration. In SEM images shown in Figure 3 and Sl Figure S3, we see that the nanoparticles

formed can exceed the smallest feature sizes.

We can further understand the e-beam and DUV response mechanism and the HfOx
nanoparticle formation from an energy-minimization argument in the context of classical
nucleation theory.*%=*? Once the electron-beam or DUV light cleaves the C-O bond in ethylene
glycol moieties in the hafnicone film, the initially atomically sized Hf-O centers in the as-
deposited hafnium coordination polymer can reorganize and form HfOx domains in the resist.
For reference, in the literature on colloidal nanoparticle synthesis, for hafnium oxide and other

41744 it is common that capping ligands are required on the surface of the

oxides in genera
nanoparticles to prevent their further growth and coalescence. Otherwise, past a critical radius,

as dictated by classical nucleation theory, the nanoparticles will grow in size due to the
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dominance of the volumetric Gibbs free energy term.%? In an analogous fashion, the electron
beam or DUV irradiation can provide the necessary thermal energy and cleavage of bonds to
allow the unprotected HfOx domains to become mobile and diffuse within the resist,*> which
allows a similar nucleation process to occur: as in colloidal nanoparticle synthesis, this
nucleation process would be driven by the energy balance of surface energy and bulk Gibbs
free energy of the Hf-O centers in the as-deposited hafnicone film once the organic ligand is
cleaved. Once the HfOx domains reach a certain size, the continued growth of the oxide
domains becomes energetically favorable and the domains become larger. This nanoparticle
aggregation behavior has already been shown to occur in metal oxide nanoparticle
photoresists. In those systems, DUV irradiation is hypothesized to drive the unbinding of the
organic ligands from the inorganic metal nanoparticles, which propels the sintering and
agglomeration of the nanoparticles.>** This increase in nanoparticle size causes the solubility
change of these resist systems.*® In our system, we posit that the cleaving of the C-O bond in
the ethylene glycol ligand mimics this ligand unbinding and enables the process of HfOx

coalescence, inducing a similar solubility change.

With this description of the patterning mechanism, we can rationalize the similarity
between the post DUV and post e-beam hafnicone resist. The result of both types of irradiation
appears to be the cleavage of the C-O bond in the ethylene glycol linker, but how each
exposure achieves this bond cleavage is different. Under irradiation by high energy (50 keV)
electrons, the C-O bond in the hafnicone resist can directly cleave, as it does in pure ethylene
glycol.?® Unlike direct electron exposure, DUV exposure does not provide enough energy (254

nm corresponds to 4.8 eV) to directly ionize photoelectrons and can only create bound excited
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states.*” However, these excited electronic states decay thermally or photochemically*¥-° to
cleave the C-O bond, resulting in the same end state. As a result, both types of exposure are

sufficient for causing a solubility switch in the MLD hafnicone resist.

We also speculate that the hafnicone resists have potential for use as EUV resists. As a
substitute for EUV irradiation studies, which is difficult due to the scarcity of EUV lithography
setups, e-beam lithography may be used to mimic the generation of secondary electrons that
are hypothesized to be ultimately responsible for the solubility switch reactions in EUV
processes.?? Furthermore, the presence of hafnium in the hafnicone film is appealing since

among metals, hafnium has a high absorbance cross-section in the DUV and EUV.%!

To summarize the proposed mechanism, the e-beam or DUV exposure induces a
solubility switch in the hafnicone resist by cleaving the C-O bond in the ethylene glycol moieties
in the resist, as seen via XPS and IR spectroscopy. This bond cleavage allows the initially
atomically small HfOx centers in the coordination polymer to reorganize and aggregate into
HfOx nanoparticle domains which are insoluble in HCIl. The chemical and physical change of the
resist then leads to the solubility change in the 3M HCIl developer. The formation of visible
nanoparticles upon exposure and development of hafnicone is an area of optimization for
hybrid MLD resists. By selecting more strongly chelating organic ligands such as carboxylate, or
choosing a metal for which the formation of oxide nanoparticles is less favorable such as zinc
oxide compared to hafnium oxide, the resulting hybrid resist may be less likely to aggregate to
as great an extent and hence avoid formation of large nanoparticles upon irradiation. This
tuning of the resist components could potentially improve its resolution due to the mechanism

described above.
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Conclusions: We have shown that a hafnium-based hybrid thin film deposited via MLD can act
as an e-beam resist. The as-deposited hafnicone thin film is characterized via XPS and IR
spectroscopy and shows the expected bonding motifs and elemental composition ratio. When
exposed to e-beam and DUV, the hafnicone thin film acts as a negative resist in 3M HCI
developer. The resist demonstrates a sensitivity of 400 uC/cm? and the ability to be patterned
to at least 50 nm line widths. The e-beam and DUV patterning mechanism is investigated via
XPS and IR spectroscopy, showing that upon irradiation, the C-O bond in ethylene glycol
cleaves. We propose that this bond cleavage allows the Hf-O domains to agglomerate and form
hafnium oxide, driven by the energy minimization of surface energy and bulk Gibbs free energy
in the context of nucleation theory, and that this resulting material is insoluble to the acid
developer leading to the negative resist behavior observed. With this study, we demonstrate
the first vapor-deposited, hybrid inorganic-organic resist. The ability to conformally coat
existing structures with resist films via MLD may allow the development of new lithographic
schemes to create novel architectures in multistep processes not possible with the use of spin-
cast resists such as patterning steps on non-planar substrates. Furthermore, the inorganic
nature of these hybrid resists means they may possess inherent advantages such as higher etch
resistance, better resistance to pattern collapse, and potentially higher EUV absorbance, for
emerging EUV techniques, compared to organic resists. With a wide range of metal and organic
precursors to choose from, hybrid MLD allows for a broad design and parameter space to
create optimized inorganic thin film resists for the continued development of more advanced

lithographic processes.
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