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Abstract

The combination of area selective deposition (ASD) with a patternable
organic monolayer provides a versatile additive lithography platform,
enabling the generation of a variety of nanoscale feature geometries.
Stearate hydroxamic acid self-assembled monolayers (SAM) were patterned
with extreme ultraviolet (A.=13.5 nm) or electron beam irradiation and
developed with ASD to achieve line space patterns as small as 50nm.
Density functional theory (DFT) was employed to aid in the synthesis of
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hydroxamic acid derivatives with optimized packing density to enhance
imaging contrast and improve dose sensitivity. Near edge x-ray absorption
fine structure spectroscopy and infrared spectroscopy reveals the imaging
mechanism is based on improved deposition inhibition provided by the
crosslinking of the SAM, to produce a more effective barrier during a
subsequent deposition step. With patterned substrates composed of co-
planar copper lines and silicon spacers, hydroxamic acids selectively formed
monolayers on the metal portions and could undergo a pattern-wise
exposure followed by ASD in the first combination of a patternable
monolayer with ASD. This materials system presents an additional capability
compared to traditional ASD approaches that generally reflect a starting
patterned surface. Furthermore, this bottoms-up additive approach to
lithography may be a viable alternative to subtractive nanoscale feature
generation.

Introduction

The design of photo-responsive materials for the controlled generation of
patterns drives device miniaturization and has broad reaching applications in
computing, biomedical,! sensors?? and catalysis* that extend human
capabilities. The performance demands for patterning materials are ever
increasing across technological platforms - from the ability resolve ever
smaller critical dimensions for the fabrication of semiconductor devices to
the chemical control over surface functional groups for biological sensors®’:#

and diagnostic tools®. Current approaches to nanoscale fabrication are



reliant on subtractive processes to pattern materials. However, the
subtraction of a material often alters the chemical composition of a
surface (such as oxidation) and can damage the material by amorphizing
the sidewalls of an otherwise crystalline thin film, from reactive ion
etching or solution-based chemical etches, for instance.!® As device
dimensions continue to undergo miniaturization to single nanometer
regimes, surfaces and interfaces become increasingly significant and can
dominate the performance of a final device. However, an ‘additive
strategy’ to nanoscale patterning where a film is ‘added’ in a selected
area, versus ‘subtracted’, presents a pathway for a fundamental
alternative approach to nanofabrication, where one may grow a device
without damage to surfaces or interfaces using ‘additive lithography.’
This approach is demonstrated with photosensitive monolayers which,
after pattern-wise irradiation crosslink the material, generating a
selective barrier that guides the film growth of a metal oxide to achieve
high fidelity patterns and demonstrated on features as small as 50 nm.
Area selective depositions (ASD) are garnering increased attention for
their potential to simplify fabrication process flows and address overlay
errors for conventional lithography in the near term and wider ranging
applications in the future.!'*21314 These processes generally require pre-
patterned surfaces composed of dissimilar materials, copper and silicon, for
instance, where surface reactivity or the addition of an inhibiting material is

exploited to block deposition on one surface and enabling (or promoting)



growth on another. For instance, the selective deposition of TiO, can be
achieved on an oxide surface and growth inhibited on a hydrogen terminated
one.'® There are, of course, a variety of methods to enable ASD, such as
exploiting differences in surface reactivity,!* the use of conventional resist
materials,'® amorphous carbon’*® and other small molecules.'*?° However,
self-assembled monolayers (SAMs) exhibit some of the highest levels of
selectivity.?:2223.24.2526.271 GAMs are a distinct class of organic material that
assemble from the surface adsorption and orientation of small molecules
that form well-ordered crystalline monolayers.?® SAM constituents are
composed of a head group that interacts with the substrate, a tail group that
presents a chemical functional group at the monolayer surface, and the side-
chain - the region between the monolayer surface and the substrate-
anchoring head group. By tailoring the side-chain and tail group SAMs can
operate in either capacity to inhibit or activate selected regions from
deposition.?>16:293031 By careful selection of the head group SAM formation
can be self-aligning, for example in the use of alkyl phosphonates, as they
preferentially form on a metal (or metal oxide) surface and not on a silicon or
silicon dioxide surface. This selective SAM formation therefore occurs
without a patterning step and therefore without the need to have a
mask/pattern alignment step to the underlying pre-pattern, as would be
typically required in depositing most other materials at a surface. Once the
SAM is deposited the surface is deactivated during the self-limiting ALD half

reactions, where the SAM protects a chemically reactive surface by blocking



the adsorption of ALD reagents enabling deposition to only occur on a
desired portion of the substrate - where little or no inhibitor is present
(Figure 1).32 Therefore, monolayer coverage, density and spacing between
components are critical parameters to achieve effective inhibition (though
the impact of monolayer ordering on inhibition is not as clear, as both
amorphous and crystalline materials are capable of inhibiting film growth?3).
This method to localize deposition is, however, primarily limited to creating
surface topography reflecting the underlying pre-pattern.343536

An example of additive lithography is presented that describes the
combination of a patternable self-assembled organic monolayer (SAM) with
ASD to grow a patterned film in an additive approach. During a pattern-wise
exposure, the monolayer undergoes a chemical transformation to crosslink
the SAM, which deactivates the selected region towards atomic layer
deposition (ALD). This exposure induced inhibition strategy was employed to
selectively grow ALD films in unexposed regions and inhibit growth in
exposed regions to produce relief images with thickness differences as much
as 35nm. In this fashion ALD is used to “develop” the relief image from the
chemical differences in a monolayer created from a pattern-wise exposure
(Figure 1). This patterning material can be combined with its selective
attachment to a metal portion of a prepatterned surface where a subsequent
exposure can be used to inhibit ALD film formation on localized regions of
the metal surface with deposition then occurring on both the dielectric

surface and unexposed SAM surface. The ALD growth rate on these surfaces



may vary though, as the unexposed portion of the SAM will delay film growth
a longer number of cycles compared to the dielectric surface and therefore

may result in a difference in deposited film thickness on the two surfaces.
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Figure 1: Schematic representation of a patternable self-assembled
monolayer (SAM) that undergoes crosslinking upon exposure to either
extreme ultraviolet (EUV) or electron beam irradiation. (top) A blanket metal
thin film coated with patternable SAM undergoes a patterned exposure
followed by an area selective deposition (ASD) where a film is generated
selectively from the surface of the unexposed SAM. (bottom) On a patterned
surface (metal lines and silicon spaces) a patternable SAM selectively forms
on the metal and can undergo patterning followed by ASD to selectively grow
a film on the silicon surface as well as the unexposed regions of the SAM.

Results and Discussion

Self-Assembled Monolayers Based on Hydroxamic acids
High-resolution imaging systems typically rely on the ability to produce non-
linear responses during image generation (e.g., high-contrast imaging). For

instance, Chemically Amplified Resists (CARs), the mainstay of high-
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performance patterning, rely on a photo-stimulus to trigger a chemical
reaction and a feedback loop, amplifying the concentration of polar moieties
from a single photolysis event.?’ This patternable monolayer system takes
advantage of the ALD process to build contrast, instead of the exposure
induced chemistry itself. In this system contrast can be enhanced by the use
of different SAM materials to adjust the interactions or spacing between
components. A material platform that affords a synthetic handle to provide
this intermolecular control are hydroxamic acid based SAMs, where
substituents can be introduced at the head group through facile synthetic
methods.

Scheme 1: Synthesis of Hydroxamic Acids and SAM Based Inhibition
(a) Synthesis of hydroxamic acid monolayer components with increasing
head group substituents (1) -H (2) -CHs (3) -C¢H11. (b) Inhibition properties of
SAMs produced from (1), (2) and (3) after the atomic layer deposition of ZnO
as measured by Rutherford Backscattering with a standard measurement
error of 3% of the film thickness.

For this study hydroxamic acids were prepared from stearic acid
through a simple two step method where first the acid is activated by the
preparation of the corresponding acyl chloride, followed by the addition of
the corresponding hydroxyl amine (Scheme 1). Where the octadecyl- (Cis)
moiety was selected as it acts as an effective inhibitor in the ALD of metal
oxides.?®

Each hydroxamic acid derivative produces hydrophobic monolayer

films on metal (copper used in studies) or metal oxide surfaces, from an

immersion and rinse process, where the monolayers produced static water



contact angles between 70-110° consistent with the formation of
hydrophobic surfaces (Figure S2). Furthermore, characterization of the
monolayer films by FT-IR exhibits a characteristic peak at 2920 cm*
corresponding with the C-H stretch which is sharp and well defined (full width
at half maximum, FWHM, ca. 40 cm™) consistent with an oriented aliphatic
chain with a low number of trans-gauche packing defects consistent with a
well-ordered monolayers, by comparison a broad peak at this location
(FWHM > 100 cm™) would indicate a disordered monolayer (Figure S3).3°
Hydroxamic acid (1) readily produces a SAM on a copper thin film and
can inhibit more than 400 cycles of ZnO ALD (from half-cycles of diethyl zinc
and water at 150°C), as characterized with particle induced x-ray emission
(PIXE) and Rutherford Backscattering (RBS). Both PIXE and RBS are non-
destructive characterization methods to measure film thicknesses,
composition and stoichiometry of thin films.*® As the number of ALD cycles
are further increased, a film rapidly forms - after 600 cycles a 15nm film was
measured, compared to 24nm on an uninhibited surface (Figure S1). The
substituted monolayers (2) and (3) in response to ALD show significantly
lower ALD inhibition (e.g., 100 cycles) compared to (1), consistent with either
decreased intermolecular interactions or increased spacing between

components.



Substituents at hydroxamic acid headgroup of varying size (e.q., -H, -
CHs, & -CsH10) have a direct impact on the packing characteristics of
monolayer components, as shown by DFT calculations (Figure 2). Each

hydroxamic acid derivative was found to bind strongly to metal surfaces and

the head group substituents were found to affect binding geometries, which

Figure 2: DFT Modeling of Hydroxamic Acid SAMs (a) unit cells
highlighting packing density as a function of substituent where with SAM
produced from (1) with component spacing of 4.4 A SAM from (2) with
component spacing 4.9 A and SAM from (3) with 5.5 A component spacing.
(b) Visualized localized electron density of orbitals between H(-N) and O(=C)
of neighboring molecules indicative of hydrogen bonding.

change the conformation of the headgroup in its interaction with a surface.
For instance, (1) produces the most energetically stable conformation in an
out of plane geometry (Figure 2). In this configuration, the tilt angle of the
tail normal to the surface is small and component spacing was found to be

4.4 A. Monolayers with methyl- substituent (2) reduces packing
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density slightly to 4.9 A between components, while the tail become tilted.
This is consistent with literature reports that show SAMs adjust their tilt
angle to maximize intermolecular interactions.***? Cyclohexyl derivative (3),
somewhat unexpectedly, results in the aliphatic chains bending attributed to
the slightly sparser packing as component spacing increases to 5.5 A. The
steric repulsion between the cyclohexyl moiety of (3) and neighboring
hydroxamic acids push components away from neighboring aliphatic chains,
straightening the chain, while Van der Waal’s interactions pull the tails
towards each other. These two competing forces result in bent aliphatic
chains. At the optimal geometry, the unit cell of unsubstituted hydroxamic
acid (1) occupies ca. 19 A2while, (2) 23 A2 and (3) 30 A2

By modeling clusters of (1) where they are extracted, truncated in
length and assembled in 1x2, 2x2 and 3x3 super cells DFT calculations also
indicate hydrogen bonding occurs between neighboring components of (1)
from interactions of the carbonyl groups and hydroxamic acid protons.
Canonical orbitals were extracted and used for localization. Occupied orbitals
are localized by Pipek-Mezey method.** Localized electron density was
identified between H(-N) and O(=C) of neighboring molecules of (1). The
bonding nature of the localized orbitals is indicative of hydrogen bonding and
may be correlated with its greater ALD inhibitory properties compared to
derivatives (2) and (3) that do not contain the H(-N) hydrogen bonding
donor.

Inhibition Enhancement of Irradiated Hydroxamic Acid SAMs

10



SAMs produced from hydroxamic acid derivatives underwent open frame
Extreme Ultraviolet (EUV, A=13.5nm) exposures, where 1 cm? square areas
are subjected to doses ranging from 15 - 215 mJ cm™. After irradiation, films
then underwent ALD with the number of deposition cycles incremented. The
exposed and unexposed regions of SAMs were characterized with RBS and
PIXE to measure ALD film thickness. After a 215 m) cm? EUV exposure dose
the SAM produced from (1) was found to inhibit 700 ALD cycles (without film
formation), versus 500 ALD cycles on unexposed regions (Figure S1). After
700 cycles, 35nm of an ALD film was deposited on the unexposed monolayer
and no deposition occurred on the exposed regions. Similarly, the exposure
of SAMs produced from (2) and (3) with a 215 m) cm™ dose exhibited
enhanced inhibition preventing film formation up to 500 and 400 cycles,
respectively, from 200 cycles without exposure. After 400 cycles 35nm were
deposited on unexposed regions of SAMs produced from (2) and 15nm with
(3), without deposition on the exposed regions.

Hydroxamic acid SAMs also exhibited a dose dependence on inhibiting
film growth. SAMs produced from (1) required a dose at or above 100 mj cm-
2 to further improve inhibtion, where ALD film thickness was observed to
decrease (Figure 3). SAMs produced from substituted hydroxamic acids
required lower doses to improve inhibition, where a reduction in film
thickness was observed with 35 mJ cm?, after 400 ALD cycles. Further
characterization (described in the next section) reveals irradiation induced

chemistry is confined to the crosslinking of the aliphatic moiety of the SAM.
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Given that all hydroxamic acids used in these studies employ the same
aliphatic moiety it is unlikely that the head group modifies the sensitivity of
the crosslinking reaction between aliphatic chains (e.g., C-H bond strength is
not modified by packing density). This instead would suggest irradiation
induced crosslinking significant enhancement to the inhibition of an
otherwise poorly inhibiting material such as SAMs produced from (2) and (3)
where potentially low crosslink density significantly enhances inhibition.
Whereas further enhancement of an already effective inhibitor, such as (1),
may not be observed unless more extensive crosslinking occurs.

In control studies SAMs produced from octadecylphosphonic acid and
octadecane thiol were evaluated which also employ the same octadecyl-
aliphatic chains but vary the head-group (Figure 3). In open frame EUV
exposures and up to 400 ALD cycles, no deposition occurred in either the
exposed or unexposed regions of octadecylphosphonic acid and only a slight
difference in Zn surface concentration was observed by x-ray photoelectron
spectroscopy (XPS) at the highest EUV dose of 215 m) cm™ . This further

highlights the unique behavior observed with hydroxamic acid based SAMs.
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Figure 3: (a) ZnO film thickness produced from a set number of ALD cycles
as measured by Rutherford Backscattering versus EUV dose of hydroxamic
acid SAMs. ALD cycles used for SAM (1) 800, (2) 400, (3) 400 with a standard
measurement error of 3% of the film thickness. (b) Surface concentration of
Zn (at %) as measured by x-ray photoelectron spectroscopy after 400 ALD
cycles for SAM produced from (3), octadecanethiol and octadecylphosphonic
acid as a function of EUV irradiation dose. Standard error bars included in
XPS results.

Inhibition Mechanism

To understand the photoinduced chemistry of the SAM film, near edge x-ray
absorption fine structure spectroscopy (NEXAFS) was used to characterize
two monolayer films composed of (1), before and after high dose electron
beam exposures (1 mC/cm?), which maintain the same behavior as EUV
exposures after ALD development. Features in the carbon K-edge absorption
spectra were collected using a p-polarized beam incident at 20° and 75° with

respect to each substrate’s plane, which provide information about the
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surface coverage and orientation of carbon bonds. The feature at 293 eV for
both samples is attributed to the C 1s > [J* transitions from C-C single bonds,
generally, oriented along the long axis of the octadecyl- chain. This
assignment is supported by the higher intensity of the peak at 20° versus
75°, suggesting the electric field vector at this glancing angle is resonating
with the long axis of the side chain, normal to the substrate for both
samples. There are two peaks at ca. 287-289 eV, whose intensity is also
higher at 75° than 20°, indicating resonance with these bonds is strongest
when the incident electric field is parallel with the plane of the substrate.
The lower energy peak at 287.8 eV is attributed to C 1s - [J* transitions from
the aliphatic C-H moieties whose bonding orientation is expected
perpendicular to the octadecyl- chain.** After exposure C 1s = [J* transitions
decrease suggesting the concentration of aliphatic CH- moieties are lower,
consistent with crosslinking of the SAM. Additionally, a slight increase in the
peak at 285 eV after exposure is consistent with an increase in the
concentration of C 1s - m* transitions from C=C bonds, further suggesting
chemical crosslinking. The 75° - 20° difference spectra (Figure 4b)
indicates dichroic features change considerably after exposure, where the
unexposed sample exhibits features consistent with a perpendicular
orientation of the SAM (e.qg., overall perpendicular orientation of the C-C and
C-H moieties) and the exposed sample a decrease in monolayer
ordering/orientation is observed.*> This disruption in ordering is, generally,

correlated with chemical crosslinking and is observed in analogous materials
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systems such as photo-crosslinked polyethylene.***” FT-IR spectra after e-
beam exposure shows CH-stretching at 2900 cm™ decreases by ca. 30% in
SAM film (1) and ca. 5% in SAM film (2) (Figure S3). In addition, peaks
attributed to C-H bending at 1259 and 1310 cm™ (consistent with reports of
hydroxamic acid ligands)*® were also observed to decrease after exposure.
FT-IR then provides a consistent indication with NEXAFS that a decrease in C-
H moieties occurs after exposure further suggesting the mechanism of
increased inhibition is the result of SAM crosslinking.

NEXAFS spectra also provide an indication the chemical crosslinking
induced by exposure is largely confined to the octadecyl- aliphatic tail group,
as the O-K and N-K peaks attributed to the hydroxamic acid head groups do
not exhibit a change in features (Figure S6 & S7).%° Furthermore, DFT
calculations suggest a photo-induced chemical reaction localized to the
hydroxamic acid head group is not energetically favored (Figure S8),
despite literature reports that describe the photosensitivity of several

hydroxamic acid derivatives.>®
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Figure 4: (a) Normalized angle-resolved p-polarized NEXAFS spectra across
the carbon K-edge. (b) Difference spectra calculated from data shown in a.
(c) Schematic representation of exposure-induced crosslinking mechanism.
Lithography Performance

Pattern generation with this materials system was first demonstrated with
EUV exposures of (1) on a copper thin film followed by 700 ALD cycles of
ZnO. This produced high contrast images with micron feature sizes observed
by optical microscopy and AFM (Figure 5). AFM measurements exhibit a
relationship between a trench depth as a function of EUV dose, where the
highest EUV imaging dose gave the deepest trench (274 m) cm™, trench
depth ca. 15nm) and higher fidelity pattern features consistent with a more
effective ALD barrier from irradiation induced chemistry. However, smaller

features were not observed from this process, despite the critical dimensions

of the exposure mask capable of generating nanometer scale
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2.0 um

Figure 5: Patterns produced from the patternwise EUV irradiation of SAM
produced from (1) after 600 ALD cycles of ZnO. (a) Optical image of line
space pattern generated. AFM images of patterns as a function of EUV dose
where the trench depth was observed to follow dose (b) at 274 m) cm=
14.5nm (c) 180 m) cm= 7.2 nm and (d) 118 m) cm™ 5.6nm. max. Z-scale
25nm.

features. The limiting resolution observed is not an inherent limitation of the
material but may instead be the result of 700 ALD cycles where a film
thickness of 35nm would be expected (based on open frame experiments,
Figure S1) and lead to the lateral overgrowth of the ALD film to obscure
nanometer size features.

In the development of EUV resists a number of material systems have
been developed in e-beam and translated to EUV, provided the chemical
reactions induced by the two irradiation sources (e-beam and EUV) are the
same.’%2 This strategy provides the advantage of developing short loop

experiments to optimize coating processes and ALD development conditions

without having to resort to expensive EUV exposure tools and shift times.
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Literature reports describe e-beam exposures as producing the same
irradiation induced chemistry, in the crosslinking of aliphatic polymers as
well as other SAM materials as observed in the EUV exposure of hydroxamic
acid SAMs.>*>* Gratifyingly, studies to screen the effects of e-beam
exposures on hydroxamic acid SAMs produced the same behavior as EUV,
where inhibition to ALD was enhanced. Direct write e-beam lithography
targeted variable line widths from 1um to 20nm using a dose array from 0.7-
5 mC cm? as indicated. After e-beam lithography films were submitted to a
specified number of ALD cycles. Initially, SAM generation of (1) on a copper
thin films produced low contrast images after 600 cycles, where significant
ALD nucleation sites were observed in e-beam exposed regions (Figure 6).
While the patterning tone between E-beam EUV were the same (positive
tone imaging) EUV did produce smoother features and lower line edge
roughness on copper films coated. This difference was attributed to the
absorption differences of the SAM and secondary electron generation that
may induce more crosslinking in EUV than with e-beam exposures to provide
better contrast between regions exposed vs. unexposed during the ALD
process. To enhance pattern generation It was found that after exposure
acetic acid (30s) could lift-off some portions of the unexposed SAM regions
by dissolving the underlying copper oxide and lead to better contrast
between the exposed and unexposed surfaces. Pattern fidelity improved but
poor line edge roughness was still observed by AFM. This acetic acid was

also very time sensitive where small deviations to the immersion time would
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lead to blanket deposition of the ZnO, presumably from significant removal
of the SAM material. The controlled introduction of surface roughness was
found to provide further improvements to patterning resolution. Literature
reports describe the impact of surface roughness using SAM inhibitors, where
a material may be an effective inhibitor on substrates with low surface
roughness. As roughness increases the inhibitors can exhibit almost
complete loss of inhibition in severe cases.” In the context of hydroxamic
acid SAMs, surface roughness may help enhance contrast in unexposed
region of a film by reducing the delay in film deposition from the inherent
inhibition properties of the SAM, though if roughness is too significant it may
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Figure 6: Schematic of E-beam patterning of SAM (1) on a metal surface
followed by 600 cycles of ZnO ALD to produce the resulting patterns as
observed by AFM (scale bars 400nm, max Z-scale 20nm). (a) SAM on Cu thin
film. (b) SAM on Cu thin film. After E-beam exposure unexposed SAM
partially removed with acetic acid. (c) SAM on an engineered surface
composed of ZnO providing increased surface roughness.

ALD ZnO produces a polycrystalline film on silicon using a standard ALD
recipe (see Sl for details) where typical grain sizes are ca. 10nm. AFM
characterization of the RMS surface roughness for a 10nm ZnO thin film was
1.2nm, compared to a thermally evaporated Cu thin film which exhibits an
RMS roughness of 0.5nm. E-beam lithography was used to generate
exposure patterns followed by ALD development that exhibited better control
over feature generation where AFM shows a significant reduction in the
frequency of ALD nucleation sites in the exposed regions of the film (Figure
6). Pattern resolution and fidelity was also dramatically improved with this
strategy where features as small as 50nm could be generated (Figure 7). To
further characterize the effects of this underlayer on exposure induced
inhibition open frame EUV exposures were also conducted using (1) on a
ZnO surface. With this underlayer less ALD cycles were required for pattern
development where the number of cycles were reduced from 600 (on
copper) to 400 cycles (on ALD ZnO) and consistent with e-beam pattern
generation. The controlled introduction of surface roughness therefore
presents an additional strategy for controlling the patterning and area
selective deposition using hydroxamic acid SAMs.

NEXAFS was used to confirm the change in contrast was the result of

increased surface roughness and not a modification to the SAM ordering,
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which may impact the irradiation induced chemistry. The orientation of a
crystalline SAM can be inferred from angle dependence of NEXAFS spectra>®
and, generally, requires two extreme angles to reconstruct this
dependence.’” Comparing the difference spectra between either a smooth
surface or the roughened surface provides a qualitative indication of
whether SAM ordering is modified. (1) on a roughened or smooth surface,
exhibits substantially equivalent difference spectra, an indication that SAM
ordering is not significantly affected (Figure S14).°® Furthermore, the
individual spectra at 20, 60 and 80° show similar features and trends, though
a change in peak intensity at 293 eV at 40°is observed, for ZnO and is likely
a result of film roughness.

The effect of increased underlayer absorbance in EUV or e-beam was
also examined to determine if this could be another method to adjust
contrast in this patterning system using a SAM produced from (1) deposited
on a higher EUV absorbing film that was explored with ALD generated TiO,.>°

In comparison to Cu the TiO; film exhibits a similar RMS roughness but has a
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higher EUV absorbance than Cu. Presumably, if the higher absorbance
provides more secondary electrons this could be anticipated to provide more
crosslinking events and therefore better contrast. However, after EUV
exposures no reduction in the number of ALD cycles required for
development was observed (compared to 1 on Cu films) (Figure S13).
Figure 7: E-beam pattern generated from SAM (1) on a ZnO surface after
600 cycles of ZnO ALD. (a) Top down SEM image, scale bar 3um. (b) Top
down SEM of variable line space pattern, scale bar 200nm. Inset highlighted.
(c) Inset with dimensions measured of pattern widths. (d) AFM image of
smallest line patterns observed measured at 50nm width. AFM scale bar
400nm, max. z-scale 17nm.

Hydroxamic acids can also be deposited in a manner that favors
multilayer formation by the immersion of a cleaned metal oxide surface in a
solution of (1) and rinsing with a non-interacting solvent that engages
intermolecular hydrogen bonds between head groups. While difficult to
control multilayer formation, multilayer regions could be generated in an
otherwise monolayer film. E-beam patterning and ALD development of this
multilayer exhibited the reverse imaging tone, negative tone, compared to
monolayers of (1) (Figure S15). Consistent with reports of other disordered
monolayer systems such as trichlorosilanes, which can readily generate
multilayer films which upon e-beam exposures lead to oxidation of the
multilayer creating polar oxygen containing moieties that promote ALD
growth and therefore lead to the opposite imaging tone where ALD film
deposition occurs more readily in the exposed regions of the film (Figure

$16).50616263 The formation of hydroxamic acid multi-layers may also lead to

the same behavior where oxidation reactions are favored from exposure. The

22



difference in this irradiation induced chemistry would be consistent with the
behavior of aliphatic polymers such as polyethylene, where films have both
crystalline and amorphous domains. e-beam exposure of polyethylene films
lead to first the formation of radicals from the homolysis of C-H bonds that
leads to interchain crosslinking in the crystalline domains and oxidation in
the amorphous regions. This is attributed to a difference in the ability for
oxygen diffusion to occur in the amorphous domains that more readily
reacts with the exposure induced radicals to form of polar moieties (e.g.,
aldehydes, carboxylic acid and hydroxyl groups) and the denser packing of
crystalline regions have chain orientations that favors intermolecular
crosslinking.%

Self-aligned Inhibitor & Patterning

The patterning capability of hydroxamic acid SAMs combined with their
property to selectively attach to metal surfaces (e.g., self-alignment) offers
an additional capability for an ASD process. The combination of these
functionalities enables an additional level of control over pattern formation,
rather than the reflection of an underlying pre-pattern as most other ASD
processes, generally, offer. Self-alignment refers to the ability of a material
to be selectively deposited on one surface of a pattern, such as the surface
of a metal or metal oxide surface, without depositing on another, allowing
the material to be deposited without patterning and therefore without the
need for alignment. A patterned coplanar surface consisting of copper lines

and a silicon spaces was used to demonstrate this (Figure S17). (1) was
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selectively deposited on the Cu portion of the pattern forming a SAM which
then underwent pattern-wise e-beam exposure at various doses to write two
distinct patterns: (i) the Latin character ‘B’ and (ii) a square border that
contained three smaller squares and a rectangle (Figure 8). The exposed
SAMs were developed with 500 ALD cycles and show high-fidelity relief
images with significant dependence on e-beam dose. The differences in film
thickness as a function of e-beam dose were characterized with AFM using
the pattern ‘B’ where differences in film thickness increased from 2-5 mC cm-
2, At the highest doses (4 & 5 mC cm™) the difference in height between the
exposed and unexposed regions of the pattern ‘B’ were measured at 24 nm
and decreased as dose was further reduced to 14 nm with 3 mC cm2to and
10nm with 2 mC cm™. At the highest dose of 5 mC cm™relief images of a
square border were also generated showing the ability to generate arbitrary

features with this technique.
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Figure 8: (a) Schematic process flow involving the use of SAM produced
from (1) on a pre-patterned surface followed by the deposition behavior after
e-beam patterning and ALD. (b) AFM images of a patterned Latin character
‘B’ as a function of e-beam dose. (c¢) AFM relief image produced after e-beam
exposure and ALD of concentric square and rectangle patterns.
Conclusions

The combination of a patternable hydroxamic acid based monolayers with
ASD provides an example of an additive approach to lithography, where a
pattern is developed by an ALD step to form a relief image where
controllable patterns as small as 50nm could be generated. In this materials
system several variables were found to provide the ability to tune contrast
and improve imaging resolution. Reducing intramolecular interactions

between monolayer components were found to enhance inhibition contrast

and reduce exposure dose and by using surfaces with some roughness an
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improvement in pattern definition could be achieved. These parameters
may be further tuned and optimize to achieve greater resolution and pattern
definition, and there may be additional material characteristics that can be
introduced for further improvements to dose and contrast. Furthermore, the
ability of these materials to self-align and form a SAM on a pre-patterned
surface provides another tool to ASD where a blocking mask can be used to
crosslink the SAM and grow a film on both the dielectric and unexposed
portion of the metal surface. As device dimensions continue to shrink,
surfaces and interfaces become increasingly significant and dominate
performance in the single nanometer regime. This demonstration focused
on the combination of chemical patterning and ASD has implications in
device fabrication and the element of chemical patterning may be exploited
in future selective surface modifications, to generate the pattern-wise
adhesion of reagents for catalysis,® antibodies for biosensors®® or produce
organic electronic devices.®’

Supporting Information

Experimental procedures for synthesis of monolayers, characterization,
atomic layer deposition and extreme ultraviolet exposures. Additional
characterization data - Nitrogen N-K NEXAFS, Oxygen K-Edge NEXAFS, XPS,
static water contact angles, microscopy images of EUV and e-beam
exposures of SAMs after ALD & Rutherford backscattering — is also included.
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