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ABSTRACT: Patterning materials with nanoscale features opens many research Anisotropic Colloidal Lithography

opportunities ranging from fundamental science to technological applications.
However, current nanofabrication methods are ill-suited for sub-5 nm patterning
and pattern transfer. We demonstrate the use of colloidal lithography to transfer
an anisotropic pattern of discrete features into substrates with a critical dimension
below S nm. The assembly of monodisperse, anisotropic nanocrystals (NCs) with
a rhombic-plate morphology spaced by dendrimer ligands results in a well-ordered
monolayer that serves as a 2D anisotropic hard mask pattern. This pattern is
transferred into the underlying substrate using dry etching followed by removal of
the NC mask. We exemplify this approach by fabricating an array of pillars with a
rhombic cross-section and edge-to-edge spacing of 4.4 + 1.1 nm. The fabrication
approach enables broader access to patterning materials at the deep nanoscale by
implementing innovative processes into well-established fabrication methods
while minimizing process complexity.

Bottom-Up

Top-Down

KEYWORDS: sub-S nm fabrication, anisotropic pattern transfer, colloidal lithography, nanolithography, nanocrystal self-assembly

he semiconductor industry has been the most significant nanoimprint lithography”>~>* and post-trimming methods.***°

driving force for developing nanoscale technology. Since Each technique has strengths and limitations. For example,
its inception, this industry has relied heavily on photo- direct-write methods offer precision and arbitrary pattern
lithography to achieve high-throughput patterning over large design but generally suffer from low throughput.”” Nano-
areas. Although challenging, the frontier of nanofabrication imprint lithography provides high throughput™* but generally
capabilities has pushed conventional photolithography to sub- does not offer as high resolution or precision in overlay
20 nm patterning using various resolution enhancement registration as direct-write methods. These top-down litho-
techniques. The development of extreme ultraviolet (EUV) graphic approaches typically yield features larger than 10 nm.
tooling has recently led to the commercialization of EUV Efforts toward 5111}31%?9231 latterning have been limited by low
lithography for state-of-the-art patterning below 10 nm,'~’ feature density, * """ and the few efforts that have
where it is used to define the three-dimensional channel, achieved sub-S nm pattern transfer have demonstrated
known as a fin, of field-effect transistors (FETs or finFETs). relativelyl p ésé(ilsa[fed features or have been limited to 1D
Ongoing efforts aim to realize patterning below 5 nm to extend patterns.

In contrast to purely top-down approaches, self-assembly
methods such as directed self-assembly (DSA) of block

S nm would also advance research for the development of .COPOIYmerS and _COHOidal lithography have- been_ widely
metasurfaces,” optoelectronic devices,” and quantum tech- implemented to integrate bottom-up patterning with top-
nologies.”™ down pattern transfer. Bllock copolymer DSA le.verages
However, it is unclear whether EUV lithography can reliably nanos.cale phase segregation, where one ph.ase is then
pattern features below S nm,'®! and the extremely high cost selectively removed to form a mask of various pattern
of EUV systems is prohibitive for research purposes that
require prototyping or for small-volume production markets. Received: December 9, 2021
Thus, researchers have developed several other specialized Revised:  February 18, 2022
fabrication methods for patterning at small length scales, Published: February 28, 2022
including direct-write methods like focused ion beam
lithography,' ™" electron beam lithography,lé_18 and scan-
ning probe lithography'”~*' and other approaches such as

Moore’s law for integrated circuit technology and memory
devices. The ability to fabricate features or their spacings below
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Figure 1. (a) Schematic overview of the anisotropic pattern transfer process. [1] A ~7 nm film of SiO, is grown on a Si wafer using a dry thermal
oxidation process and is functionalized with a silane molecule to make the surface hydrophobic. [2] The NC monolayer assembly is transferred
from a liquid—air interface to the substrate surface. [3] An O, descum process is used to remove the ligands and any residual organic material; then
the thin SiO, layer is etched in regions between the NCs using a short CF,/O, ICP RIE. [4] The underlying Si substrate is then etched using Cl,/
Ar ICP RIE to transfer the anisotropic pattern. [S] The NC mask layer is removed via liftoff of the underlying SiO, layer using a 10% HF wet etch.
The magnified view of the patterned substrate shows lateral dimensions A, B, C, and D, which are set by the NC mask size, spacing s, which is set by
the interparticle spacing of the NC assembly, and etch depth d, which is determined by the dry etch conditions. (b) SEM image of the GdF;-D NC
monolayer assembly on a SiO,/Si substrate (step 2). (c) SEM image of the patterned Si substrate after NC mask and SiO, removal (step 5). Scale

bars are 100 nm.

morphologies.” >’ Most pattern transfer demonstrations
using this approach, including 2D morphologies like hexagonal
or square motifs, have exhibited a critical dimension greater
than 20 nm. Efforts toward smaller feature sizes have only been
realized in 1D patterns.”*~** Importantly, controlled morphol-
ogy with high resolution resulting from block copolymer DSA
typically requires predefined topographic’”****** or chem-
ical ™ patterning, increasing the process complexity. A major
drawback for pattern transfer with this approach is that
polymer structures generally suffer from low etch selectivity
and require sequential infiltration synthesis to enhance etch
resistance* ™" or the use of a secondary hard mask.*'
Colloidal lithography offers a different approach by using
particles as building blocks that are assembled to establish a
pattern, where each particle serves as a discrete mask for
subsequent deposition or etching.”' ~>* Most demonstrations
of pattern transfer using colloidal lithography have fabricated
features larger than 50 nm.>*~** The few examples that have
explored the sub-50 nm regime have utilized close-packed
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spherical NCs, leading to isotropic features with hexagonal
ordering.”” "' There has yet to be a high-fidelity pattern
transfer demonstration of discrete anisotropic features below
40 nm. Here, we demonstrate 2D patterning and subsequent
pattern transfer of high-density anisotropic features with a
critical dimension below 5 nm via NC colloidal lithography,
which can be performed in a standard fabrication facility. Our
approach integrates bottom-up NC synthesis and self-assembly
with top-down dry etching to realize high-fidelity pattern
transfer into the desired substrate.

The bottom-up patterning approach employs monodisperse
anisotropic GdF; NCs as exemplary building blocks. The NCs
have a faceted rhombic-plate morphology and the GdF;
imparts high etch selectivity for both fluorine- and chlorine-
based dry etch chemistries. The NCs are functionalized with a
dendrimer ligand that provides colloidal stability and defines
the spacing between the NCs upon assembly,’” similar to the
concept of molecular rulers.”” The anisotropic pattern is
realized by assembling the NCs at the liquid—air interface®*™%’

https://doi.org/10.1021/acs.nanolett.1c04761
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Figure 2. (a) Cross-sectional schematic of the liquid—air interfacial self-assembly technique and subsequent film transfer onto a substrate via the
Langmuir—Schaefer method. [1] The desired volume of the NC dispersion is drop-cast onto the liquid subphase. [2] The well is covered with a
glass slide to decrease the evaporation rate and allow the self-assembly process to occur. [3] The glass slide is removed when the NC film is
completely dry; then the substrate surface is carefully lowered toward the NC film until contact is made. [4] The substrate is translated vertically
upward, any excess subphase is wicked away, and the sample is dried under vacuum. (b) TEM, (c) SEM, and (d) AFM (phase contrast) images of a
well-ordered monolayer assembly of GdF;-D NCs on a substrate using the assembly method described in panel a. Scale bars are 20 nm.

into a well-ordered monolayer, where each NC serves as a
discrete etch mask. This pattern is then transferred into the
underlying substrate using inductively coupled plasma (ICP)
reactive ion etching (RIE), after which the NC mask layer is
selectively removed to realize a 2D patterned substrate surface
of rhombic pillars (32 nm X 21 nm) with a sub-S nm spacing
set by the dendrimer ligand. To date, the authors are not aware
of any work that has been able to simultaneously combine the
three aspects for pattern transfer that we successfully
demonstrate: (1) a sub-S nm critical dimension, (2) a 2D
pattern with high feature density, and (3) discrete anisotropic
features.

A schematic overview of the fabrication process is shown in
Figure la. Using a mild, dry thermal oxidation process, we
grow a 7 nm SiO, layer on a Si substrate and perform a
silanization treatment to make the surface hydrophobic (step
1). A well-ordered monolayer of monodisperse anisotropic
rhombic-plate NCs is formed via self-assembly at the liquid—
air interface. This ordered NC monolayer is transferred to the
substrate surface using the Langmuir—Schaefer method (step
2), as shown by the representative SEM image in Figure 1b.
After a brief O, plasma descum process, we use ICP RIE with
CF,/O, chemistry to etch through the thin SiO, layer (step 3)
and then etch into the underlying Si substrate using Cl,/Ar
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ICP RIE (step 4). We finally remove the NC monolayer by a
wet etch liftoff of the underlying SiO, layer using hydrofluoric
acid (step S), leaving behind the patterned Si substrate, as
shown in Figure lc. The thin SiO, film serves as a sacrificial
liftoff layer for NC mask removal and can act as a secondary
etch mask when using Cl,-based chemistry. Figure S1 depicts a
schematic cross-sectional view of this pattern transfer process.
The magnified view in Figure la shows the patterned features
with long axis A and shorter axis B, widths C and D between
the parallel sides, edge-to-edge spacing s, and pillar height d.
We synthesize monodisperse GdF; rhombic plates doped
with Er** and Yb*" and functionalized with oleate ligands
(GdF;—O0A) to serve as building blocks. The plate thickness
(t) is 2.2 nm. There are four characteristic lateral dimensions.
The diagonal axis dimensions A and B are 37.3 + 1.9 nm and
22.6 + 1.2 nm, respectively. The dimensions normal to the
parallel sides, C and D, are 20.5 + 1.2 nm and 22.6 + 1.2 nm,
respectively. Figure S2 provides a detailed characterization of
the anisotropic GdF; NC morphology. We replace native
oleates with a bulkier dendrimer ligand (GdF;-D) through a
solution-based ligand exchange procedure.”” The dendrimer
provides improved colloidal stability to prevent NCs from
stacking in solution (described by Figure S3) to yield NC

https://doi.org/10.1021/acs.nanolett.1c04761
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Figure 3. Characterization of pattern transfer and the critical dimension s using 2D assemblies of discrete, anisotropic GdF;-D NC masks. (a)
Characterization of GdF;-D monolayer assembly. The histogram shows consistency in s regardless of substrate material. (b, ¢) Characterization of
pattern transfer into (b) SiN, and (c) SiO, via ICP RIE. (left) Representative TEM image. (middle) Histogram of edge-to-edge spacing s using
measurements from TEM characterization of 500 interparticle spacings. (right) Representative SEM image. The GdF; NCs are still present in
panels b and c after the dry etch process. The SEM images in panels b and ¢ show pattern transfer into the respective bulk substrate. Scale bars are

10 nm for the TEM images and 50 nm for the SEM images.

assemblies with improved order, and the dendrimer sets the
interparticle spacing.

A prerequisite for high-quality pattern transfer is the
organization of highly ordered NC assemblies. We achieve
this ordering through self-assembly at the liquid—air interface,
as shown in Figure 2a. The self-assembly process begins with
filling a 2.25 X 225 X 1.5 cm® Teflon well with 3.2 mL of
ethylene glycol (EG). The GdF;-D NC dispersion in toluene is
then drop-cast onto the EG surface using 80 uL at a 0.2 mg/
mL concentration. The well is quickly covered with a glass
slide to decrease the solvent evaporation rate and allow the
self-assembly process to occur. After solvent evaporation, the
glass slide is removed, and the substrate is carefully lowered
face-down to the surface of the liquid subphase until contact is
made. The substrate is lifted vertically, any excess liquid
subphase is removed by wicking with a clean wipe, and the
sample is dried under vacuum at 50 °C. The backside of the
substrate is held by a suction device to keep the substrate
surface parallel to the liquid—air interface. Environmental
conditions such as temperature and humidity affect the solvent
evaporation rate and therefore influence the assembly process.
Faster drying typically results in multilayer films and can lead
to poor film uniformity and degraded local order. We perform
NC assembly in an air-filled glovebox, which controls relative
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humidity to tune the dew point to ~10 °C. Full process details
can be found in the Supporting Information.

Representative TEM, SEM, and AFM images of the resulting
anisotropic NC mask pattern prepared by self-assembly are
shown in Figure 2b—d, respectively. The NCs are assembled
parallel to the substrate with commensurate ordering of the
facets. The anisotropic NC pattern exhibits uniformity in
feature size, shape, orientation, and spacing due to the narrow
dispersity of the GdF;-D NCs. The self-assembly process
naturally results in ordered NC grains separated by grain
boundaries. The anisotropic NCs are oriented in the same
direction within a grain, but the orientation varies between
different grains across the substrate. Figure S4 shows typical
grain sizes, which have an edge length of approximately 1-2
um. Within an ordered domain, the edge-to-edge spacing (s)
between the NCs is set by the organic ligand shell. We will
consider s to be the critical dimension (CD) of the pattern
since the space between the inorganic NC masks will be etched
during pattern transfer.

Figure 3 provides an analysis of s before and after pattern
transfer. The left column of Figure 3 shows a representative
TEM image with a corresponding histogram of the edge-to-
edge spacing s in the middle column, and a representative SEM
image in the right column. While TEM offers higher resolution
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Figure 4. Characterization of the complete pattern transfer process on bulk Si as described in Figure 1. (a) Schematic cross sections and
corresponding top-down SEM images after process steps 2—35. Step S is post-NC liftoff, leaving behind only the patterned Si substrate. Scale bars
are 20 nm. (b) Characterization after mask removal (step S) over a large area. Bright-field optical image of the sample surface (center). The
surrounding SEM images correspond to locations 1—4 indicated on the optical image. The scale bar is 10 ym in the optical image and 100 nm in
the SEM images. (c) AFM height characterization of the patterned surface after steps 4 and S. Scale bars are 20 nm. (d) Cross-sectional SEM image

of the patterned Si surface after mask removal showing the feature height d & 50 nm. The scale bar is 50 nm.

over both SEM and AFM, the low penetration depth of the
electrons inherently makes top-down characterization on a
bulk substrate infeasible. To enable higher-resolution charac-
terization using TEM, we perform the patterning and pattern
transfer steps on thin membranes of SiN, and SiO,, two
commonly used materials in device fabrication. Figure 3a
shows characterization of the assembled NC mask pattern. As
demonstrated by testing on carbon, SiN,, and SiO,
membranes, transferring the NC pattern to a different substrate
material does not affect the spacing s. The dendrimer ligand
yields a CD of s = 5.9 + 0.7 nm, s = 5.8 + 0.6 nm, and s = 6.0
+ 0.8 nm for the carbon, SiN,, and SiO, membrane,
respectively.

After patterning the substrate surface with the assembled
NC mask, we perform pattern transfer onto the SiN, and SiO,
substrates via ICP RIE using CF,-based etch chemistry and
analyze s after pattern transfer, as shown in Figure 3b,c. TEM
characterization and analysis of the feature spacing post-
etching show a decrease in s of 0.9 nm for SiN, and 1.6 nm for
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SiO,, placing the mean CD as 4.9 + 0.9 nm and 4.4 + 1.1 nm
for SiN, and SiO,, respectively. This decrease in s is most likely
a consequence of the dry etch process. The CF,-based etch
chemistry is an inhibitor-driven process that enables vertical
etch anisotropy due to the formation of a fluorocarbon
passivation layer on all surfaces.”*® The areas normal to the
incident direction of ions and radicals are etched more
efficiently than the passivated sidewalls, enabling the formation
of a relatively vertical etch profile. The formation of the thin
passivation layer on the channel sidewalls likely contributes to
the observed decrease in s. A decrease of 1.0 nm in s means
there is only a 0.5 nm broadening on either side of the channel,
indicating a precise pattern transfer result that exhibits high
fidelity to the original NC mask. Figure SS provides a more
detailed summary of the feature dimensions before and after
dry etching for the SiO, membrane. We specifically focus our
analysis on SiO, since we employ a thin film of SiO, for the
complete pattern transfer process into a bulk Si substrate. The
resulting pattern transfer morphology in the SiO, layer directly

https://doi.org/10.1021/acs.nanolett.1c04761
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influences the subsequent pattern transfer to the Si. Analysis of
TEM data for the SiO, membrane reveals that the sharp
corners are rounded after the etch process, resulting in a
decrease in the mean of dimensions A and B by 5.1 and 1.7
nm, respectively. The mean of dimensions C and D increased
by 1.0 and 1.1 nm, respectively.

The SEM images in the right panel of Figure 3b,c show the
pattern transfer result performed on bulk SiN, and SiO,,
demonstrating high-quality pattern transfer over a length scale
of hundreds of nanometers with a high feature density. The
linear feature density is defined as FD = a/p, where a is the
feature size and p is the feature pitch. One-dimensional line-
space patterns have been fabricated with FD > 0.5 for larger
features, but not for sub-5 nm features. Most demonstrations
of sub-5 nm pattern transfer have only realized isolated features
or demonstrated FD < 0.1.””7° If we consider the critical
dimension s as the feature size a, the channel feature density in
directions C and D are ~0.17 and ~0.16, respectively, for the
SiO, substrate. A more detailed description of the feature pitch
is provided by Figure S6. The corresponding feature density of
the rhombic pillars in directions C and D are ~0.83 and ~0.84,
respectively, for the SiO, substrate.

Returning to fabrication on a bulk SiO,/Si substrate, we
note that the hydrophilic nature of SiO, poses issues with film
transfer of the hydrophobic NC assembly from the liquid—air
interface to the substrate surface. To promote successful film
transfer and improve the adhesion of the NC monolayer to the
Si0,/Si substrate, we functionalize the SiO, surface with a
hydrophobic silane (e.g., methyltrimethoxysilane), as described
by Figure S7. We note that the complete process flow is
compatible with the use of several other silanes at this step, as
demonstrated in Figure S8. The complete patterning and
pattern transfer process for anisotropic features with a critical
dimension below S nm on a bulk SiO,/Si substrate is
demonstrated in Figure 4a, where the numbers and
corresponding cross-sectional schematics refer to the steps
described in Figure la. After the NC film is transferred to the
substrate, the ligands are removed through an O, descum
process. The anisotropic pattern set by well-ordered NC
assembly (step 2) is first transferred to the SiO, layer using
CF,/O, chemistry (step 3), then to the bulk Si substrate using
ClL/Ar chemistry (step 4), followed by NC mask liftoff (step
S). The specific dry-etch chemistry and process conditions
determine the final feature height, d. Full process details can be
found in the Supporting Information.

To confirm the efficacy of our liftoff process in step S, we
collect upconversion photoluminescence spectra before and
after liftoff, as shown in Figure S9. Before liftoff, we observe
peaks around 545 nm and 655 nm, which are characteristic of
the Yb**- and Er**-doped GdF; NCs.°®”"”* These peaks are
no longer detectable post-liftoff, confirming the successful
removal of the NCs. Figure 4b shows characterization of the
cleanly patterned Si substrate surface after mask liftoff. The
central bright-field optical image highlights the uniformity of
the substrate surface, which is patterned across a centimeter
length scale. The surrounding SEM images in Figure 4b
correspond to the locations 1—4 indicated on the optical
image.

To characterize the patterned surface beyond top-down
SEM images, Figure 4c shows AFM height data, which reveal
the surface topography after process steps 4 and S. Figure S10
provides an AFM line scan measurement after NC mask
removal. While AFM provides high-resolution height measure-
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ments and the visualization of the sample topography, the
sample morphology makes it inherently challenging to analyze
the true pillar height. Since the feature spacing is less than 5
nm, even the sharpest AFM probes available cannot reach the
bottom of the etched channels, highlighting the success of our
approach for pattern transfer at the deep nanoscale. For a
clearer view, Figure 4d provides a cross-sectional SEM image
after mask removal (step S), which reveals d ~ SO nm. The
resulting feature height is sensitive to process conditions and
could be increased or decreased by adjusting the Cl,/Ar ICP
RIE conditions such as etch time and high frequency (HF)
power.

In summary, we demonstrate pattern transfer of anisotropic
features to substrates with a critical dimension below S nm by
integrating bottom-up and top-down strategies. A self-
assembled, well-ordered monolayer of monodisperse GdF;
NCs with an anisotropic rhombic-plate morphology function-
alized with dendrimer ligands sets the anisotropic hard mask
pattern on a desired substrate material. This pattern is
transferred into the underlying substrate using conventional
dry etching with ICP RIE, followed by selective removal of the
NC mask. To the best of our knowledge, this is the first
demonstration of 2D pattern transfer of densely packed
anisotropic features with a critical dimension below S nm. The
techniques developed and demonstrated in this work could
impact several sectors by enabling single-digit nanofabrication
of various morphologies for use in integrated circuits, memory
devices, optoelectronics, metasurfaces, and quantum devices.
For example, the NC colloidal lithography approach could be
used to fabricate uniform, high-density arrays of structures that
are small enough to isolate single defects in doped materials,
which would provide a significant step forward for developing
quantum electronic and photonic devices.

Control over the material, shape, size, and dispersity of the
NC building blocks offers flexibility in the exploration of
nanoscale patterning and pattern transfer. This fabrication
platform offers the opportunity to leverage the extensive library
of NCs to generate arbitrarily complex patterns. Rare-earth
halides and chalcogenides represent promising candidates due
to their anisotropic morphologies®®”*”* and potential for high
etch selectivity. There is also opportunity to explore using
different ligand sizes to tune the NC spacing.”> Furthermore,
this pattern transfer approach could be extended to any
substrate material given a sufficient etch chemistry. This could
include metals, less traditional semiconductors, magnetic
materials, dielectric materials, amorphous materials, and
quantum materials like doped diamond or 2D materials. Our
fabrication strategy enables broader access to patterning at the
deep nanoscale by implementing innovative processes into
well-established fabrication methods while minimizing process
complexity.
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