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ABSTRACT

ULTRA-HIGH-RESOLUTION PATTERNING AND PATTERN TRANSFER VIA NANOCRYSTAL
COLLOIDAL LITHOGRAPHY

Austin W. Keller
Christopher B. Murray
Cherie R. Kagan

The ability to design, pattern, and process materials at the nanoscale has enabled vast
research opportunities ranging from fundamental science to technological applications and device
integration. The continued development of hanoscience and nanotechnology relies on pushing the
limits of nanoscale fabrication capabilities. After decades of development, this frontier has moved

to the sub-10 nm length scale to explore novel physical properties and functionalities for next-

generati on technol ogy. Hawevwner , stcanveghnteisontahatiitl

nanofabrication to this point have severe limitations for practically improving the resolution
capabilities of deep nanoscale fabrication. In this dissertation, we demonstrate ultra-high-resolution
patterning and pattern transfer using nanocrystal (NC) colloidal lithography. This innovative
nanofabrication platform integrates bottom-up methods, that combine NC synthesis and self-
assembly approaches, with well-established top-down techniques such as dry etching and thin film
deposition.

We employ monodisperse NC building blocks with self-assembly methods to establish
high-density, well-ordered patterns, where the inorganic core of each NC serves as a discrete hard
mask used for high-fidelity pattern transfer into a desired substrate material. We demonstrate the
use of isotropic NCs to establish various sub-10 nm pattern morphologies and examine the stability
of the NC pattern upon dry etching, comparing NC monolayers and bilayers. We extend the NC
colloidal lithography scheme using anisotropic NCs to demonstrate high-density, anisotropic
pattern transfer into various substrate materials down to the sub-5 nm regime. The presented
fabrication strategy offers further opportunities to leverage various combinations of NC

morphologies and materials afforded by the extensive NC library for more complex pattern design.
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Additionally, this approach can be extended to process various substrate material classes at the
deep nanoscale. The NC colloidal lithography platform enables broader access to single-digit
nanoscale fabrication for the scientific community worldwide, which could impact various research

sectors ranging from integrated circuits to memory devices, optoelectronics, metasurfaces,

guantum devices and more.
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Figure 3.1Characterization of a sphericalsPa-OA NC sample using TEMXS, and DLS. TEM

and SAXS characterization provide a measure of the inorganic NC core. The histogram shows the

NC diameter measured from TEM images, and the SAXS measurement was obtained by fitting the

data to a spherical form factor. DLS provides the rogignamic diameter including the

contribution of the organic ligand shell in a wstllvated environment. SAXS and DLS
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Figure 3.2Characterization of a wetlrdered HCP monolayer assembly of@GeNCs with (Top)

oleic acid and (Bottom) G2 dendrimer as the ligand system. TEM characterization is performed on

a carboncoated grid. SEM and AFM characterization are performed with thads€mbly on a

odzZf 1 {A &dzmaidNIQiSe® ¢KS ! Ca RIFGF | NBXKO®ILKIAS

Figure 3.3Measurement of the edgéo-edge interparticle spacing)(for an HCP NC monolayer
assemblyia TEM characterization of E@& NCs with (Top) oleic acid and (Bottom) G2 dendrimer
Fd4 GKS fATFYR 8880 SYXXXXXXXXX XRRRRIOKXDIX X X X X X X

Figure 3.4Characterization of (a) ADDT NCs and (b)4&-OA NCs used for a binary NC mixture.

[i] Repesentative TEM image and FFT inset. [ii] Histogram of NC diameter measured by TEM
characterization. [iiil SAXS measurement in toluene using a spherical form factor to fit the data.
OADP8 5[ { OKIFNIOGSNRATFGAZ2Y LISNIZANISOR XXYKXEDG 2 dzSy S

Figure 3.5TGA characterization of the NCs described in Figures 3.1 and 3.4. Control sample data
for only the ligand molecules of oleic acid (OA) armtbdecanethiol (DDT) are provided on the

left. Fe&Os NCs are measured with OA as the ligand sysé@d compare asynthesized NCs to

the same NCs subjected to OA annealing. Au NCs are measured with DDT as the ligand system.
The equation for the number of ligand molecules on a single NC surface is giverT ly
corresponding ligand density (LD) igaibed by dividing by the surface area of the ¥CX X104

Figure 3.6(Top) Characterization of a BNSL monolayer assembly with a NaCl structure. The larger
species is E&:-OA and the smaller species is-BDT. (Bottom) Characterization after a

chemicaly selective wet etch which removes the Au NCs, leaving behind only 4bededlattice

which is unaffected. TEM characterization is performed on a cacobated grid. SEM and AFM
characterization are performed with the NC assembly on a bulk Si subsTita@eAFM data are
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Figure 3.7:Analysis of the edgt-edge interparticle spacings)( for the square R, NC

monolayer suHattice obtained from the NaCl BNSL after selective removal of the Au NCs. The

results presented compare two different TEM images (with an FFT inset) from the same sample

in different locations. The square lattice is anisotropic and tasdistinct spacings; ands,. The

orthogonal directions with a smaller spacing are designatesl,a@nd the larger spacing across

the diagonal is designated as The histograms further specify ands; into an [a] and [b] to

separate the distinct dactions as denoted by the respective inset. Scale bars are 20
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Figure 3.8 Schematic overview of the discrete pattern transfer process using an HCP monolayer

of FeOs NCs with diameter | and intparticle spacing. (1) After a substrate has been patterned

with the wellordered NC monolayer, a dry etch process is used to transfer the NC pattern into

the underlying substrate. (2) The NC mask layer is then removed using a chemically selective wet

etch which does not affect the substrate. The etch degthan be tuned with the dry etch
O2YRAGAZYEAXXXXXXXXXXXXXXXXXXXXXXXXXXXXEXXXXXXX

Figure 3.9:Schematic overview of the discrete pattern transfer process using a square lattice
derived flom a BNSL monolayer assembly ofD{IT and R©,-OA with a NaCl structure. (1) The

Au NC species is removed using a chemically selective wet etch which does not affegOthe Fe
subrlattice. This reveals a square lattice with two distinct spacings)&s. (2) A dry etch process

is used to transfer the NC pattern with feature size | into the underlying substrate. (3) The NC

mask layer is then removed using a chemically selecatiet etch which does not affect the
substrate. The etch depthOl 'y 6S {ldzy SR A 0GK (KS XNEX¥XOK O2YyR

Figure 3.10:SEM characterization of an & NC monolayer mask pattern and subsequent

pattern transfer with (Top) oleic acid an8dttom) G2 dendrimer as the ligand species. The
assembly state on the left panel is after film transfer to a bulk Si substrate. The middle panel
reveals that an @descum process performed on the NC assembly induces local NC motion which

leads to particleaggregation upon ligand removal. The right panel shows the result after
performing the ICP RIE dry etch process on the NC mask assembly directly (with no prior O
descum) and with the NCs still present. The brighter regions were masked by NC aggregates and

the darker regions are the areas of the Si substrate that were etched. All scale bars are 100

AMX XXX XXX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX)>

Figure 3.11:TEM characterization of an f&& NC monolayer mask pattern and subsequent

pattern transfe performed on a SiNmembrane. (a) HCP monolayer assembly with the G2
dendrimer ligand. (b) Square lattice monolayer assembly derived from the selectively etched NacCl
BNSL (as shown in Figure 3.3) with oleic acid as the ligand species. The left pasghshe®@

mask pattern on the SiNnembrane, and the right panel shows the result after pattern transfer
intotheSiINdz2 Ay 3 L/t wL9 gAGK GKS b/ a BXAXXXXLNBaSYy(do

Figure 3.12:Schematic description of the desired morphology (left) versus the resulting
morphology (right) upon dry etching for pattern transfer using an HCP NC monolayer. The
resulting morphology forms NC clusters which become the new mask upon pattern transfer due

to local NC movement because the aftplane attractive forces for a given NC are less than the
in-pIaneforces"O BXXXXXXXXXXXXXXXXXXXXXXXXXKXKX XXX XXX

Figure 3.13Description of a honeycomb bilayer structure formed bydz&52 NCs using agsbly

at the liquidair interface and subsequent film transfer. (a) TEM characterization of the assembled

bilayer structure with a mean hole diameter | = 6.3.3 nm. (b) Schematic description of the

bilayer structure showing two different orientationstivithe bottom NC layer shown in blue (layer

MO YR GKS (2L b/ fF&8SNI AaKXHYXXXYXXXNXGODRB Pt | & S N.
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Figure 3.14:Schematic description of the pattern transfer process using a NC bilayer with a
honeycomb structure. The process ietBame as described in Figure 3.8. The NC bilayer is
transferred to the desired substrate in step 1. In step 2, the hole pattern is transferred into the
substratevialCP RIE, and in step 3 the NCs are removed using a selective wet etch. The resulting
morphology is a hexagonal array of holes with diameter |, spaciagd pitchpX X X XXX X th &

Figure 3.15TEM (ad) and SEM (@ characterization of successful patterning (green) and pattern
transfer (blue) using an E@& NC mask with a honeycomb bilayer structure to create alubm

HCP lattice of holes. (a) TEM image of the honeycomb bilayer patteres@f IRCs on a SiN
membrane. (kd) TEM images at different magnifications after complete pattern transfer using
CR/O: ICP RIE and NC mask remaiahn HCI wet etch revealing the patterned 3iNembrane.

The image contrast is due to thickness contrast. SEM image of the honeycomb bilayer pattern

of FeOs NCs on bulk Si. (f) SEM image of the substrate surface after complete pattern transfer
AyG2 odzZ 1 {AXXXXXXXXXXXXXXXXXXXXXXXXXXDROK & K X

Figure 3.16:Schematic description of the honeyub bilayer structure coordination. (a) Top

down and crossectional perspectives of the NC bilayer on a silane functionalized substrate with

layer 1 (blue) and layer 2 (orange). (b) Explanation of the difference in coordination number (CN)

for a monolaye(CN = 6) versus a bilayer (CN = 9). For the bilayer, a NC in the bottom layer is
surrounded by 6 NCs-plane (layer 1) which are each in contact with the substrate, and 3 NCs

above (layer 2) which are each in contact with 3 NCs below. A NC in the ¢ojislayrrounded

by 6 NCs iplane (layer 2) which are each in contact with 3 NCs below, and 3 NCs below (layer 1)
GKAOK I NB SIFEOK Ay O2yil Oh XXX XiXOSX XOoposedidN (i S X X

Figure 3.17.TEM characterization of patterning and patteransfer on a SiNmembrane using

an FeOs NC mask comparing two different Moiré bilayer structures outlined by yellow (top panel)

and blue (bottom panel). Within each panel there are two magnifications, (left) lower and (right)

higher, comparing the Madr pattern at the NC assembly state and after dry etching. The NCs are

still present in the images after dry etching. Scale bars are 50 nm for the lower magnification
AYF3Sa 60ftSFAO YR HAa yY F2N 0KXXRKXKKKXNGZSD Iy A TFA

Figure 3.18:Schematic illustration of a patterning and pattern transfer process to create a
hexagonal array of pillars using secondary hard mask deposition and selective efichting

honeycomb NC bilayer pattern. (1) Film transfer of the NC assembly to the desbetlate. (2)

Evaporation of the desired hard mask material over the NC bilayer. (3) Selective wet etch to
remove the NCs without affecting the deposited hard mask material. (4) Pattern transfer into the
substrate using ICP RIE. (5) Selective wet eteth tasremove the secondary deposited hard mask.

¢CKS LAEEIFNIRAFYSGSNIE A& aSié o0& GKSX@XdB 2F (K.

Figure 3.19:.TEM characterization of secondary Cr hard mask deposition and wet etching. (a)
Assembly of thd=e0,-G2 honeycomb bilayer pattern on a Silembrane. (b) Deposition of Cr

(7 nm thick) over the NC pattern using electron beam evaporatied) @ample after etching in

85% HPOT2NJ 6 O0 MA YAY YR 0RO 0 KNEXXXXXXZBHRXXXXX?
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Figure 4.1:(a) Schematic overview of the anisotropic pattern transfer process. [1] A ~7 nm film of
SiQis grown on a Si wafer using a dry thermal oxidation process. [2] The NC monolayer assembly
is transferred from a liquidir interface to the substrate sface which is functionalized with a
silane molecule (e.g. methyltrimethoxysilane) to make the surface hydrophobic. [3] destum
process is used to remove the ligands and any residual organic material, then the thisy8iO

is selectively etched iregions between the NCs using a shor{/OFICP RIE. [4] The underlying

Si substrate is etched using/@t ICP RIE to transfer the pattern. [5] The NC mask layer is removed
via liftoff of the underlying Si®layer using a 10% HF wet etch. The magnifiedv\of the
patterned substrate shows lateral dimensions A and B which are set by the NC mask size, spacing
s set by the interparticle spacing of the NC assembly, and etch dipthich is determined by

the dry etch conditions. (b) SEM image of the S@ENC monolayer assembly on a $8D
substrate (step 2). (¢) SEM image of the patterned Si substrate after NC mask amamnsial

6aidsSLI puvo { OF £ S 0 N@&EX XXNBEX XMXTXIX XX ROOKOODEINONKK X X D >

Figure 4.2(a) Schematic crossection of the liquienir interfacial selassembly (LAISA) technique

and subsequent film transfer onto a substratia the LangmuiSchaefer method. [1] Dropcast

the desired volume of the NC dispersion onto the chosen subphase.\ét @e well with a glass

slide at the chosen environmental conditions and allow the-astembly process to occur for the
desired time. [3] Remove the glass slide, ensure the NC film is completely dry, then carefully
approach the surface of the substrateward the NC film until contact is made. [4] Carefully
translate the substrate vertically upward, wick away any excess subphase, and dry under vacuum.
(b) TEM, (c) SEM, and (d) AFM (phase contrast) images ofareattd monolayer assembly of
GdR-G2 NCs on a substrate using the assembly method described in (a). Scale bars are 20
VYYXXXXXXXXXXXXXXXXXXXXXXXX XX X XRRRKKCRDEKEX X X

Figure 4.3:Characterization of pattern transfer and the critical dimenssarsing 2D assemblies

of discrete, argotropic GdEG2 NC masks. (a) Characterization ofz&lFmonolayer assembly.

The histogram shows consistencysiregardless of substrate material.-® Characterization of

pattern transfer into (b) SiNand (c) Sievia ICP RIE. (Left) RepresentatiEaMlimage. (Middle)

Histogram of edg#¢o-edge spacing using measurements from TEM characterization with

500. (Right) Representative SEM image. The;®Is are still present in (b) and (c) after the dry

etch process. Scale barsare 10nmforthe AEWIF 3Sa YR pn yY XXMy GKS {9

Figure 4.4:Characterization of the full pattern transfer process on bulk Si as described in Figure

1. (a) Schematic crosections and corresponding tegpwn SEM images after process steps 2

5. Step 5 is pasNC liftoff, leaving behind only the patterned Si substrate. Scale bars are 20 nm.

(b) Characterization potiC liftoff (step 5) over a large area. Bright field optical image of the

sample surface (center). The surrounding SEM images correspond to hachtjd indicated on

GKS 2LJWGAOFE AYF3AS® ¢KS &a0FtS 0FNI A& mManEpY Ay 0
AFM height characterization of the patterned surface after steps 4 and 5. Scale bars are 20 nm.

(d) Crosssection SEM image of pattern&i after process step 5 showing the feature heigjht

pn yY® {OFfS 0FNIAE pa YYXXXXXXXXXXEXOMEK X X X X X X
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Figure S4.1:.Crosssectional schematic of the complete pattern transfer process as described in
CAIdZNE MO 0 XX XXX XXX X X XX XK KK XX XIRIX X X

Figure S4.2: Characterization of the anisotropic morphology of 68 building blocks. (a)
Atomistic modé¢ of the rhombic plate geometry of Ggiwith diagonal axes A and B, axes C and D
normal to the parallel sides, and thicknets(b) TEM image and (c) corresponding histogram of
measurements A, B, C, and D from TEM characterization of theN&d- (d) SAXexperimental
data and corresponding atomistieray simulation which corroborates the NC morphology and
provides thicknessl’'’ H ®H Y YXXXXXXXXXXXXXXXX XXX X X X#2X X P

Figure S4.3(a) Experimental SAXS results comparing@adfand GdFG2. Thesample with oleic

acid shows distinct diffraction peaks. The first peak is locatep=af.04 nmt (indicated by the

arrow) which corresponds to a systematic ceriicenter spacing of 6.0 nm, resulting from

lamellar stacking of the G@NCs in solutiomvhen oleic acid is the ligand. This is not the case for

the sample with the G2 dendrimer ligand, indicating better colloidal stability with G2. (b)
Schematic showing the preferential lamellar stacking morphology with-GARNCs in solution

wherep = 6.0nm. Since the thickness of each Gidf = 2.2 nm, the spacing between NCs due to

the steric repulsion from the ligandsss 3.8 nm. If we consider the ligand lengthLass/2, then

L= 1.9 nm, which is consistent for oleic acid. (c) Chemical drawing of the G2 dendrimer molecule
GAGK | LIK2aLIK2YyAO FOAR KSIFR I NEMKXHEEBRX®2NI £ A3

Figure S4.4Characterization of the anisotropic feature dimensions A, Bn@ D before and after

ICP RIE for the SiGhembrane. The mask dimensions are of the original NC assembly (lighter
shade) and pospattern transfer (darker shade). The etch process erodes the sharp corners of the
NC mask to produce a more rounded corpeofile, causing a decrease in dimensions A and B.
The parallel sides of the NC mask normal to directions C and D slightly increaséchpgstost

likely due to sidewall passivation using the-B&sed etch chemistX/ X X X X X XXX X Xrd ®

Figure S4.5:Desciption of the pattern transfer morphology established by the &NE mask
assembly. Dimensions A and B are the rhombus diagonals, and dimensions C and D represent the
distance normal to the parallel sides. The measurement of linear feature density @med

along directions C and D as noted by pitcheand . The pillar edgd¢o-edge spacing is the

critical dimension, and is the feature height pospattern transfer and mask removal. The TEM
image is a posetching result on an Sg®nembrane with s still present. The scale bar is 20

VY XXXXXXXXXXXXXXXXXXXXXX XKEKX X X XXX X XXKKLKED

Figure S4.6SEM images of the pattern transfer process for stepsdah a bulk Si substrate for
different silanization treatments. The SiS€urface was trated with MPTS, FPTS, MTS, or TOS. [2]
NC assembly pattern after film transfer, [3] S@Pen using GFO. ICP RIE, [4] Si substrate etch
using GIAr ICP RIE, and [5] SiRC liftoff to reveal only the patterned Si surface. All scale bars
are50yy Y X X X X X X XXX XX XXX XXXXXXXXXXXXXXXKX XX X1Xep
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Figure S4.7Photoluminescence spectra. (a) Multilayer film of @dEs dropcast onto a substrate

which shows two distinct photoluminescence peaks near green (~545 nm) and red (~655 nm)
wavelengths, characteristic of the*Eand YB* dopants in the GdfFNCs. (b) PL spectra of a
monolayer assembly of GERNCs on a substta (blue) which shows the characteristic green and

red PL peaks, and pelstoff of the NC mask (green) after pattern transfer, which shows no peaks,
AYRAOFGAY 3 adz0O0SaaFdzt XX XNIKXE X XXX X X XD XPXPX X X

Figure S4.8Representative v magnification TEM images with highlighted grain boundaries. The
grain size is approximatelyclt >Y ® { OF £ S 6 [ NBEX X XNEX XXX g X X X X X

Figure S4.9AFM height image and corresponding line scan of the patterned silicon surface after
proces step 5. Although the surface topography is clear, the measured height is only ~2.9 nm
between the anisotropic structures for the respective line scan. This measured height is not
reflective of the true feature height, but rather is an inherent limitatiai the AFM
characterization method due to the sample morphology. Despite using a special carbon spike
probe, the probe cannot reach the full depth of the trench due to the extremely narrow space (<

5 nm) between the silicon pillars. A larger spacing ptithie probe to reach further into the
SGOKSR FINBFa Fa aSSy Ay GKS Ayd XExidaxXixizdd aiidSa

Figure 5.1Schematic description of templatssisted transfer printing combined with colloidal
lithography for pattern density multiplication. [1] Place a PDMS stamp patterned at the microscale

in contact with a NC assembly at the liqaiid interface. [2] Lift the®DMS stamp to transfer the

NC assembly from the liquair interface to the patterned PDMS stamp surface. [3] Place the

PDMS stamp coated with the NC film in contact with the desired substrate. [4] Carefully peel away

the PDMS stamp to reveal the microkxpattern with the ordered NC assembly on the substrate

surface. [5] Perform ICP RIE to transfer the pattern into the substrate. [6] Use a chemically
selective wet etch to remove the NCs. The resulting pattern transferred into the substrate is
hierarchich The microscale pattern will be transferred, and on each microscale feature there will

0S F yIy2a0FtS LI GOESNY (NI yaFSRNBRXOOR 2y (K

Figure 5.2:Schematic crossection of the proposed solutiebased pattern trangfr process
implementing the metahssisted chemical etching (MACE) approach with a-ovddred NC

monolayer assembly. [1] Material deposition over the NC pattern using evaporation. [2] Chemical

wet etch to transfer the pattern established by the NC masseably. [3] Selective removal of

GKS b/ YIFIal YR RSLRAAGSR YI GSNEKXXXEKXXNMB S £ |

Figure 5.3:Crosssectional schematic of the proposed fabrication route combining NC colloidal
lithography with plasmonic lithogrdyy using a BNSL NC assembly. [1] NC assembly and film
transfer of a Au/F¢Os BNSL to a template substrate. [2] PDMS is cast over the BNSL on the
template substrate. [3] The PDSM is removed and the BNSL is transferred to the PDMS surface
with the NCs embedet in the flexible matrix. [4] The NC/PDMS mask is brought into contact with
the metal surface on the target substrate and the sample is illuminated through the PDMS by a
laser tuned to the resonance wavelength of the Au NCs at the PDMS/metal film istdBhafter

XXI



illumination, the Au metal film on the target substrate is patterned in the areas directly beneath
the Au NCs. [6] The NC/PDMS mask is removed from the target substrate leaving behind the
LI GGSNY SR 'dz YSGIFE FALYXXXXXXXXXXXXXXXAHMX X X XX XX

Figure 5.4Description of the pattern transfer morphology from plasmonic lithography. (a) Square

array of 5 nm holes in a Au film with the same position as the Au NCs in the BNSL as described in
Figure 5.3. (b) Secondary pattern transfétle same hole pattern into the underlying substrate

viaL/ t wL9 dzaAy3 | [/ NI SGOK YI aXxXEXXXYRX %KMK dzSy (i

Figure 5.5Schematic illustration of a dynamic solvent vapor annealing (SVA) flow chamber which

can be used to annealut spatial defects in NC assemblies. One mass flow controller is used to

bubble N (yellow) into a liquid solvent to create a solvent vapor (blue). The other controller is

used as a pure Niluter to mix with the solvent vapor (green) to control the soiv activitya

used for the annealing process. The sample is enclosed in a chamber filled with the solvent vapor

Fd GKS OK2aSy FOGAGAGRE F2 NI XXOSX XRSEANDBRK0E A Y S X X X

Figure 5.6:Schematic representation of reducing assembly defects through solvent vapor

annealing (SVA). Exposing the NC assembly to a solvent like toluene allows polymer ligands like
t{ G2 agStt Sy2dzaAK (2 AyRdzZOS 20l XKpo®m2 dSYSy i
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CHAPTER 1

Introduction: Top-Down Nanofabrication Versus Bottom-Up Nanocrystal
Synthesis and Assembly

1.1 Motivation

Human history has often been categorized into periods marked by our ability to make and

utilize tools to modify raw materials into desired structures that permit a particular functionality.

Humanityds ability to mani pul aplextoossahdeansumdr goods o

is a fundamental driving force that has enabled technological invention and innovation throughout
the history of our species. The modern era has built upon thousands of years of collective
knowledge for such fabrication practices to the point where we now understand how processing
affects material structure, how structure affects material properties, and how those properties can
be tuned and leveraged for technological applications.

In the second half of the twentieth century, society experienced a significant technological
revolution for electronic devices primarily based on processing one material®d silicon. Advances in
our ability to precisely process and pattern silicon and simultaneously integrate other materials for
complex device fabrication led to an explosion of digital technologies that continue to impact and
shape our world today. The advancement of information and communication technology to date
has primarily been based on increasing the areal density of discrete processing elements by scaling
down the critical dimensions of their size. For several decades, the semiconductor industry has
used AMooreds |l awdO to motivate research and
stated that the number density of transistors on a processor chip doubles every two years for the
same cost. Conventional photolithography and deposition processes carried this scale-down
process for about five decades. As feature sizes approached a scale much smaller than the
wavelength of light used in photolithography, the scale-down process became increasingly difficult.

The semiconductor industry has employed many strategic scientific and engineering-based

devel
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solutions to continue down t he patthisterdhadeachedds | aw

a point of near saturation.



While the scaling momentum guided by Moorebs | a

innovate and redesign the structure of discrete features and their layout for nanoscale device
fabrication. Furthermore, a recently adopted and innovative patterning technology called extreme
ultraviolet (EUV) lithography has given hope for the prospect of further decreasing the critical
dimension of features.! EUV lithography uses a powerful light source that emits a wavelength of
13.5 nm. The industry has put forth significant effort and resources to turn this method into a viable
processing route to pattern features with a critical dimension below 10 nm for mass production.
However, it is unclear whether EUV lithography will be able to pattern features smaller than this
due to defects from stochastic phenomena.2? Additionally, the system architecture is highly
complex and sensitive, presenting challenging and costly maintenance issues. Furthermore, the
purchase cost for a single system is very high, with a current price tag exceeding $150 million for
an EUV lithography tool from ASML, which does not include the continued cost to maintain and
operate the instrument. Furthermore, future high numerical aperture (high-NA) EUV systems with
slightly higher resolution are projected to cost over $320 million.# Such high costs are prohibitive
for most of the scientific community.

The work presented in this dissertation aims to demonstrate innovative processing
methods which integrate existing well-established fabrication technology while maintaining process
simplification and enabling broader access to patterning at the deep nanoscale. The processing

pat hway demonstrated by tthp& nweotrtko desmp | totyast

Oibrott & grn

nanocrystal (NC) synthesis and self-as sembl y approadbeaad wianhlbf alroipc a

techniques such as thin film deposition and dry etching. A pattern is established by the size, shape,
and arrangement of discrete NC building-blocks, where the density is determined by the
interparticle spacing of each constituent element. The collective arrangement of NC assembly sets
the overall pattern, where each NC serves as a discrete hard mask to be used for pattern transfer.
The integrated techniques developed by this research have implications for several sectors by
enabling wider access to single-digit nanofabrication for use in integrated circuits, memory devices,
optoelectronics, plasmonic metasurfaces, quantum devices, and more. Before we explore the
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methods and demonstrations presented in this dissertation, we will walk through an overview of

top-down nanofabrication practices and bottom-up nanoscale synthesis and self-assembly.

1.2 Top-Down Approaches: Nanoscale Fabrication

Conventional mechanical manufacturing is not a feasible fabrication approach for
nanoscale structures, especially below 100 nm. Consequently, an innovative methodology for
fabrication at the microscale known broadly as planar manufacturing enabled a pathway for the
realization of structures at the nanoscale. The planar fabrication approach is well-suited for 2D
fabrication, which has led to the creation of a plethora of micro- and nanoscale devices over the
last sixty years. The lithographic process can most generally be split into two stages: patterning

and pattern transfer. Figure 1.1 schematically illustrates a cross-sectional view of the general planar
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Figure 1.1: Crosssectional schematic of the general planar manufacturing approact
Demonstration of the patterning process by exposing and developing a sacrificial resishédyear
be either positive or negative(b) Demonstration of the pattern transfer qmess for either
subtractive or an additive approach.



fabrication approach. The patterning process first requires the deposition of a sacrificial material
onto the desired substrate material. This sacrificial material is commonly referred to as a resist.
The resist is then patterned by an exposure step followed by a develop step, as illustrated in Figure
1.1(a). Various exposure methods and fundamental mechanisms are used for micro- and
nanoscale patterning, some of which will be briefly discussed in this section. In this example, let us
assume the exposure is performed by irradiating the surface with ultraviolet (UV) photons as in
photolithography. The resist is exposed in certain areas and protected from photon exposure in
other areas for any arbitrary pattern design. The resist is designed such that exposure will induce
specific chemical changes in the exposed regions. The develop process then reveals the pattern,
which typically involves submerging the substrate in a solution. For a positive resist, the exposed
regions are dissolved and removed by the developer. Inversely, the exposed regions remain for a
negative resist, and the developer removes the unexposed regions.

After the pattern has been created in the resist layer, this pattern can be subsequently
transferred to the underlying substrate by either a subtractive or an additive process, as illustrated
by Figure 1.1(b). In a subtractive process, the underlying substrate material is removed (typically
via a dry etch process) in the areas not protected by the resist. The liftoff process selectively
removes the resist material without affecting the underlying substrate to reveal a cleanly patterned
substrate surface. In an additive process, another material may be deposited on the surface
uniformly. The patterned resist will protect the substrate from material deposition in those regions,
and the liftoff process will reveal the pattern of the new material deposited on the substrate surface.

Whereas more conventional processing involves machining individual parts and then
assembly into a more complex structure, the planar processing approach uses additive and
subtractive processes in a layer-by-l ayer fashion to realizedawn&sired
approach for adding or removing material in specific locations enables the fabrication of both simple
and complex structures. Typically, a more complex structure necessitates more layers and process
steps and requires careful planning. Furthermore, this lithographic approach is a batch process,
which means many devices can be simultaneously fabricated on a single substrate or wafer. Some
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process steps may even permit several wafers to be processed at the same time. Batch processing
inherently enables high throughput fabrication, thus permitting mass production of devices that

have become ubiquitous in everyday life.

1.2.1 Establishing Patterns via Lithographic Techniques

Early implementation of the planar processing approach readily achieved minimum feature
sizes, or a critical dimension (CD), at the microscale. Technological innovation over the last several
decades has led to nanofabrication (CD < 100 nm). The general lithographic fabrication approach
presented in Figure 1.1 is used for top-down fabrication at both the microscale and nanoscale.
After the deposition of the underlying layers of desired materials, the top-most layer, known as a
resist, serves as a sacrificial layer in which a pattern is established. This pattern is subsequently
transferred into the material layers below either through the desired material's addition (deposition)
or subtraction (etching). We will briefly review some standard lithographic techniques which are

employed for patterning.

1.2.1.1 Photolithography

Photolithography is a patterning process that uses photons to expose a photoresist. The
energy from photon exposure causes chemical changes in the resist. In the case of a positive resist,
exposure causes scission of molecular bonds, whereas exposure of a negative resist leads to
cross-linking. After exposure, a wet chemical developer is used to dissolve the resist to reveal the
desired pattern. In the case of a positive resist, the areas exposed are washed away, and the
unexposed regions remain. In contrast, the exposed areas remain for a negative resist, and the
unexposed areas are dissolved. The advent of photolithography which employed visible light, was
readily able to fabricate features with a CD of a few micrometers. However, as the demand for
feature sizes shrank, the achievable feature size became limited by the wavelength of the light

used. Mercury lamps have ultra-violet (UV) wavelength emission, where the G- i ne (& =

436

andthel-l i ne (& = 365 nm) were widely us eter escimerr ce s
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lasers were developed, which offered wavelengths in the deep UV (DUV) wavelength regime such
as the KrF laser (& = 248 nm),5Censeduerthanee chentichllg
amplified photoresists were developed for irradiation at these DUV wavelengths. Due to several
practical and economic challenges, photolithography has persisted as the dominant industrial

fabrication process. Various resolution enhancement techniques (RETs)® have permitted the

achievement of patterning wel bel ow the wavelength

The predominant way to establish any desired pattern into a resist using light is by making
an image. This is done using a photomask that blocks or permits certain areas to be exposed with
photons. A contact mode exposure where the mask is either in direct contact with, or close to the
surface, of the resist yields a 1.1 image from the mask. There is no magnification or demagnification
of the mask image. Projection lithography, however, can project a demagnified image onto the
resist to pattern features several times smaller than the physical dimensions on the mask. Consider
a transparent mask opening as a slit through which the transmitted light is diffracted. For a fixed
wavelength, a smaller slit width leads to a larger spread of the light. For a fixed slit width, a smaller
wavelength permits a narrower distribution of diffraction. Eventually, there will be a physical
limitation to the resolution capability. Depending on the slit width and wavelength of light, two slits
can be close enough together such that their projection is overlapping to reveal a merged feature.
Furthermore, the projected light must pass through a lens that focuses the image onto a wafer. The
lens diameter determines how wide the light diffracted from the mask can be accepted into the lens,
and this is expressed as the numerical aperture (NA) as described by equation 1.1, where n is the
refractive index of the medium between the lens and an imaging plane, and d is the half-angle of
the maximum cone of light that can enter or exit the lens.>

00 ¢i Qe (1.2)
Therefore, the resolution limit of projection lithography is given by:

Y Q= hTQ p (1.2
Lo



where a-is the illumination wavelength, NA is the numerical aperture of the imaging system, and
"Qis a technological factor related to the specific imaging process. Equation 1.2 indicates that a
larger NA and a smaller wavelength are more desirable to yield improved resolution. Several RETs
have also been developed to decrease the "Q factor to further increase achievable resolution.
Some of these techniques include optical proximity correction, the introduction of artificial phase

shift, water immersion, off-axis illumination, and multiple patterning methods.5"”

1.2.1.2 Extreme Ultraviolet Lithography

Extreme ultraviolet lithography (EUVL) is classified as a specific type of photolithography
poised to extend production for the next several technology nodes in the semiconductor industry,
with devices already in commercial production.t Over the last few decades, there has been a lot of
research and process development that sought to address many issues and limitations EUVL
posed for industry-scale production. The chosen wavelength of the irradiation source for EUVL is
& = 13.5 nm. Convent i ongsrbng absofptioa at this waveleogpht nnakirgy
them unusable for EUVL. Consequently, special reflective optics known as distributed Bragg
reflectors have been developed for both the focusing optics and the mask, where the reflected
mask image is projected to expose specially developed EUV resists. Furthermore, the exposure is
carried out near vacuum to reduce atmospheric absorption. The radiation source in industrial EUV
scanners is from a laser-produced plasma (LPP) fed with liquid tin droplets. A sophisticated, high-
powered CO:2 pulsed laser delivers energy to a tin droplet to generate a plasma, and excited state
ions radiate the photons used for EUV exposure. The photons are collected and transmitted by
sophisticated optics for illumination.®

EUVL is positioned to offer patterning capabilities to industry below 10 nm. However, it is
unclear whether EUV will be able to deliver patterning with continually smaller CDs below 5 nm for
future technology nodes. A commercial EUV lithography scanner is a very complex system, and
current models cost ~$150 million. Next-generation systems with a higher NA%0 and other

improvements needed to achieve higher resolution could continue to drive up this staggering cost
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to over $320 million.# For many research institutions and industrial companies, this cost is
prohibitive. While the semiconductor industry is the primary driving force for scaling
nanofabrication, many research efforts could also benefit from having the capability to pattern at
and beyond the 5 nm length scale that currently cannot do so. The central idea behind the work
presented in this dissertation is to explore an alternative, more practical, and cost-effective route to
patterning at the single-digit nanoscale, enabling wider access to a variety of research efforts

worldwide.

1.2.1.3 Electron Beam Lithography

Similar to photolithography, which uses photons to pattern a resist, electron beam
lithography (EBL) employs electrons to do so. EBL is one of the most important and versatile

nanofabrication techniques.!! The system is very similar to a scanning electron microscope (SEM),

where a focused el ectron probe can be programmed

into aresist. Insteadof using a mask to project an i mage
wr i ted met howtite matHod is alsd possible with a laser system to perform microscale
lithographic patterning. However, a focused electron beam offers a much higher resolution than a
laser, with achievable patterning capabilities below 10 nm.!2 From a production standpoint, EBL is
unsuitable for mass fabrication because it is too slow over large areas, and the production
throughput is not economically viable for industrial-scale device fabrication. However, EBL is widely
used to make and repair photomasks used in industrial mass production. It is also heavily employed
for patterning in the nanoscale research community for a variety of scientific fields. The most
commonly used positive e-beam resists are polymethylmethacrylate (PMMA) and ZEP-520A, and
the most common negative e-beam resist hydrogen silsesquioxane (HSQ).1!

Although electrons are charged particles, they exhibit wave-particle duality. The electron
wavelength can be calculated as:®

PR G @ (1.3)
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where V is the energy of electrons in electron volts (eV). For example, the electron wavelength at
100 eV is only 1.2 A. However, the electron wavelength is not a limiting factor for the achievable
resolution in EBL. Instead, various electron aberrations and electron scattering phenomena with
the resist and underlying substrate determine the resolution capability of EBL. An electron beam
column comprises a series of electromagnetic lenses to form a collimated beam which is then
focused into a very small probe. There are inherent geometric aberrations and chromatic
aberrations due to the electron lens system and apertures, beam deflection, and the choice of
electron energy and beam current. Such system factors influence the minimum electron beam
diameter achievable. The highest resolution state for EBL requires high beam energy, a small
scanning field, low beam current, and a very stable environment.®
Another system limitation on the resolution of EBL has to do with pattern design and field
size. The beam deflector has a finite range, and a larger field size typically yields lower resolution
at the field periphery. For areas that require higher resolution, a smaller field size is required to
minimize undesirable aberration effects. It is also common to have a variety of feature sizes in a
pattern design, and the footprint or physical extent of that design typically exceeds the size of a
given field. Large area patterns require that separ
limitations in pattern placement accuracy between fields. Modern systems can achieve a stitching
accuracy below 25 nm. However, this necessitates careful planning in pattern design to minimize
such effects. Additionally, the effects of pixel size and beam step size must be considered within a
given field size. The system steps the electron beam to each pixel within a field, where the step
size can be equal to one pixel or several times larger than the pixel size (depending on system
configuration). Since the beam is scanned in X and Y Cartesian coordinates, any shape or pattern
must be fragme nt e d or Afracturedo into basic shapes S u
parall el ogr ams. The smaller a featurebs size, t he
resulting feature morphology.
Aside from physical system limitations, the other factors which influence patterning
resolution are mainly due to interactions of electrons with both the resist and underlying substrate.
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As primary electrons from the beam bombard the polymer resist, energy transfer occurs during
multiple collision events with atoms and other electrons. Scattering of electrons both within the
resist itself or backscattered from the substrate below the resist can lead to a broadening of the
exposed region beyond the designed landing area of the primary beam. Such a proximity effect is
the dominant obstacle for achieving very high-resolution patterning using EBL. Elastic scattering of
electrons changes the direction of the electron, but there is no energy transfer. Inelastic scattering
events with other electron orbitals lead to energy transfer, leading to chemical changes in the resist
material that are affected upon the development stage post-exposure. A single electron will
undergo many random elastic and inelastic scattering events in the solid material. They can also
be scattered from the substrate below the resist and back into the resist. This phenomenon can
occur on a length scale over several microns away from the primary beam point of incidence.®
Additionally, secondary electrons from the solid material can also be emitted from collisions with
the primary beam electrons and cause local broadening of the exposed region. However, to achieve
the chemical change necessary for the resist to be developed, a respective energy threshold needs
to be exceeded to induce such changes to the material.

The general scattering phenomenon is the fundamental cause of the broadening of
exposed features. A point spread function (PSF) is used to characterize the distribution of the
deposited energy in the resist from a single point of incidence. The three most significant factors
which influence this are the electron energy, the density of the substrate material, and the resist
thickness. Higher-resolution patterning can be obtained using a higher energy electron beam, a
lower density substrate, and a thinner resist layer. Because the deposited energy from scattered
electrons can extend to adjacent regions beyond the incident beam location, this leads to a
proximity effect that often needs to be corrected. Some correction practices include making
morphology adjustments in pattern design, local dosing adjustments, and compensating for long-
range background exposure.> Qualitatively, without such corrections, dense features will become
overexposed, and very isolated features will be underexposed. These corrections can be
complicated and typically require computational algorithms to determine the most appropriate
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choices for the specific pattern. Generally, it is very difficult to reduce the ultimate patterning
resolution of EBL much below 10 nm no matter how small the beam spot size is. There have been
some special demonstrations with patterning features below 10 nm using aberration-corrected
EBL, but consequently, the feature density is low and has only been successful for more isolated

features.13.14

1.2.1.4 Nanoimprint Lithography

A more recently developed nanofabrication approach is by physical replication. The
primary method in this category is known as nanoimprint lithography (NIL).1517 Typically, a master
stamp or mold is fabricated using EBL (offers design flexibility and high resolution) and subsequent
pattern transfer to fabricate the desired topography. The master is then used to physically imprint
a resist through a thermal press or a UV-cured approach. After the master is fabricated, NIL offers
much higher throughput in fabrication than EBL since it is a batch replication process that is only
limited by the area of the master. The semiconductor industry has not adopted this approach for a
variety of practical and economic reasons. Still, NIL has succeeded in fabricating optical films such
as holographic, anti-counterfeiting, antireflection, light guiding, and light output coupling films,
which have features a few hundred nanometers in size, and are typically made by imprinting using
a roll-to-roll approach.1®

A strategy used for the earliest demonstrations of NIL which is still presently used, relies
on heating and pressing, like hot embossing. A thin polymer film is heated above its glass transition
temperature (Tg). The topographically patterned master stamp is pressed into the film at elevated
pressure for a few minutes to induce plastic deformation in the polymer. The polymer used in this
method should have a relatively low T4 to decrease the required process temperature, low viscosity
to enable easy polymer flow during the imprint, low shrinkage after imprinting to maintain good
pattern fidelity, and a reasonable dry etch resistance for pattern transfer. Generally, the imprint
height (feature height on the master) is slightly less than the polymer film thickness, so there is no

hard contact with the substrate, which reduces possible damage to the master. If the master is kept
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clean and damage-free, it can be used repeatedly for patterning. After the initial imprint, the stamp
pressure is decreased, and the temperature is lowered so the master can be removed from the
imprinted sample. The final step is to remove the residual polymer layer and reveal the bare
substrate surface in the patterned areas using an oxygen plasma reactive ion etch (RIE), commonly
referred to as the descum step. This final patterned polymer serves as the resist for subsequent
pattern transfer via dry etching.

In some cases, the material or sample to be patterned may not be compatible with the
elevated temperature and pressure used in the thermal press nanoimprint approach. As an
alternative method, ultraviolet-cured nanoimprint lithography (UV-NIL) can be performed at low
pressure and room temperature. While the overall process is the same as the thermal press
approach, the most significant differences are the use of a UV-curable polymer and a transparent
stamp. A transparent master stamp is gently pressed into a thin film of UV-curable liquid polymer
during UV illumination and removed after the curing is complete. Quartz or polydimethylsiloxane
(PDMS) are common transparent master stamp choices, and the curing process only takes a few
minutes or less. Furthermore, the transparent nature of the master stamp allows for improved
alignment for subsequent imprint steps if necessary. However, one of the critical issues with UV-
NIL is polymer shrinkage after curing, which is typically 5-15% by volume.> Higher molecular weight
polymers usually exhibit less shrinkage, and some more specialized polymers have been
developed to mitigate shrinkage.1®

NIL is inherently a 1:1 patterning process from the master stamp, which first requires
fabrication via EBL. However, it has been challenging to pattern features much below 20 nm with
high fidelity using NIL. Furthermore, the fabrication of high-density features is also challenging
since polymer flow is an inherent part of the fabrication process. NIL is not well-suited for industrial
scale-up, but it has been widely used in nanoscale research efforts. However, NIL is not viable for

patterning and pattern transfer below the 10 nm length scale with high feature densities.
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1.2.2 Pattern Transfer via Dry Etching

Dry etching is commonly used in the fabrication industry to transfer a pattern established
by lithography into an underlying substrate. This pattern transfer method employs a low-
temperature plasma using different gases that can be chosen to match the appropriate etching
chemistry for many materials. Dry etching enables uniform processing over a large area.
Furthermore, the etching conditions can be adjusted to tailor the desired sidewall profile upon
pattern transfer. The etching method can be purely chemical, where specific chemical species
absorb and react with the target material and form volatile byproducts. In contrast, the etching can
be purely physical, where high energy ions sputter material. Alternatively, the etching process can
be an intermediate state between these poles. Plasma etching based on chemical reactions alone
tends to form isotropic etch profiles that undercut the mask material and form undesirable etch
profiles. lon beam etching can provide a much more anisotropic profile. Still, this method tends to
have a poor mask to target selectivity due to physical sputtering, leading to limited aspect ratios
and undesirable substrate damage. The semiconductor industry's most common dry etch approach
is reactive ion etching (RIE), which is a chemical approach that is further assisted by ion
bombardment. The dry etching method employed in this work is RIE, which is a critical process

step for realizing high fidelity pattern transfer from a mask pattern.

1.2.2.1 Review of a Plasma

A plasma is a partially ionized gas that contains mostly excited and unexcited neutral
particles, and approximately the same number of electrons and positive ions so that it is globally
charge-neutral. The simplest reactor design for a dry etch tool consists of two parallel plate
electrodes in a vacuum chamber filled with the desired low-pressure gas species. In most dry etch
technology, a radio frequency (RF) voltage is applied to the electrodes. Since electrons have a
minimal mass, they can respond to the changing electric field. These electrons collide with
molecules of the gas species introduced into the chamber. If the kinetic energy of a given electron

is greater than the ionization energy of a given atom, an electron in the outermost shell is expelled,
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and a neutral atom becomes a positively charged ion. The expelled electron adds to the electron
density ne to further collide with atoms and continue the process repeatedly. This avalanche
process eventually exceeds a threshold level, leading to a glow discharge to form a stable
plasma.20i 22

The plasma used in RIE is considered a weakly ionized plasma in which the degree of
ionization falls within the range of 106 - 10-4, which means most particles remain neutral. Because
the electrons can respond to the applied radio frequency, they are constantly accelerated in motion
by the corresponding electric field and have considerable kinetic energy. A glow discharge plasma
does not exhibit thermal equilibrium between the electron temperature (Te) and gas temperature
(Tg). Suppose the electron energy in a typical etch process is ~ 2 eV, then Te = 23,200 K and Te/Tq
~ 80. Therefore, a gl ow diloet kmmpge apblalscoapseths mabso ¢

gas temperature remains close to room temperature.

Tablel.1: Generic description of the processes
excitation, ionization, and dissociation th¢
commonly occur in a plasma environment.

Terminology Process
Excitation & A+elh ! plbhb! e+hbv
Radiative recombinatior
lonization A+elh +2
Dissociation AB +elh H+B+e

Notation: e: electron; A, B: neutral species}: Aositive ion; A*: excited species;, B: radical
specieshv: photon

Numerous interactions can occur in a plasma, but for simplicity, the three that we are most
concerned with in terms of the etch process are excitation, ionization, and dissociation. These
inelastic collision processes are described in a reaction sequence in Table 1.22 Excitation occurs
when a colliding electron provides energy to a bound electron in an atom and promotes it to a
higher energy level. The excited state electron eventually returns to its ground state, and a photon

with energy hv is emitted, which causes a characteristic glow seen from the plasma. lonization
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occurs when an electron in the outermost shell is expelled when the energy of the colliding electron
is larger than the ionization energy, turning the neutral atom/molecule into a positively charged ion.
Dissociation occurs when the energy given by a colliding electron is larger than the binding energy
of the molecule. When a molecule is dissociated, its byproducts are chemically more active than
the original molecule and turn into highly reactive, electrically neutral species. A particle in this

activated state is commonly referred to as a radical.??

1.2.2.2 Importance of the lon Sheath, Self-bias, and Pressure

Figure 1.2 depicts a standard and simple RIE chamber design with parallel plates which
generate a capacitively coupled plasma (CCP). The lower electrode is connected to an RF power
supply through a blocking capacitor, and the upper electrode is connected to ground. The electrons
can respond to the electric field oscillation at 13.56 MHz, but the much heavier ions and neutral
radicals cannot. Because the plasma is macroscopically at equipotential there is no external driving
force for the motion of either the ions or radicals in this region. Since the electron mobility is much
greater than ion mobility, the lower electrode is biased to a negative potential. The direct current
(DC) bias generated is a self-bias (Vac) that has a negative potential. Consequently, electrons are
pushed away from the negatively biased electrode. The region above the lower platen and below
the plasma is referred to as the ion sheath. In this region, the electron density is very low, so there
are essentially no excitation and radiative recombination events. Therefore, the ion sheath is also
referred to as the fdar k s p ahateapproach theionsheath drd
subsequently accelerated toward the substrate due to the negative bias (-Vadc), as shown in Figure
1.2. The motion of the electrically neutral radicals is dominated by Brownian motion and
diffusion.?1.22

The ratio of the electrode surface areas is one of the major factors which influences the
magnitude of the voltage at the electrodes. If the surface area of electrodes 1 and 2 are A1 and Az,
respectively, and the voltages induced at each electrode are Vi and Vz, respectively, then their

relationship follows the scaling law:?!
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w 0 (1.4)
w 0

where ¢ is dependent on the etch tool geometry, and q > 1. In Figure 1.2, A2 > A1, so an adequate

bias Vac = V11 V2 is obtained at the wafer surface.
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Figure1.2: Schematic of a capacitively coupled plasma chanaret the corresponding potent
profile. A plasma from the desired input gas is generated in the upper portion of the chamber,
substrate is placed on the bottom platen. Note thescription of the potential (V) along the verti
axis of the chamber which shows the sample at Bias Positive ions are accelerated normal to
substrate.

Aside from the CCP system design previously described, another common RIE platform is
an inductively coupled plasma (ICP) etch tool. Instead of using a capacitor setup, the ICP design
uses an electromagnetic induction coil. A high-frequency current is passed through a solenoid, and
the RF magnetic field of the current within the coil is directed toward the axis of the coil. This induces
a vortex electric field to which the electrons respond without the presence of electrodes. In general,

an ICP etch tool generates a higher density plasma (higher ion population) than in a CCP system.
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Furthermore, in a CCP system, both the ion population and the ion energy distribution are
dependent on the HF power. However, in an ICP system, the ICP (source) power and HF (bias)
power are independent controls. The ICP power dominates the ion population density, and the HF
power dominates the ion energy distribution.

The characteristic thickness of the ion sheath (Q ) relative to the mean free path of gas
molecules is an important consideration. The Child-Langmuir equation represents the ion sheath

thickness as:22

- Q'Q , , (15)

Q — — 0w w
Q a

qlnNn

where - is the permittivity of free space, "Q is the ion current density, e is the elementary electric
charge, & istheionmass,andwi s t he plasma potential. The
distance a particle travels between one collision and the next. Neglecting molecular dipole and
electric interactions, the mean free path of a gas molecule can be described as:

QY (1.6)
Ng'Q

where Qi s Bol t zman A é&siempemtrs, i & the molecule diameter or size, and P is
pressure. The mean free path has an inverse
decrease in P because, at lower pressure, the volume density of molecules is lower, so the
probability of particle collision is lower, and a particle will travel a larger distance before a collision
event.

To obtain a better understanding of scattering events in the ion sheath, it is necessary to
compare the ion sheath thickness Q t o t he mean free path a&.
anisotropic etch profile (vertical sidewall) is to have the ion bombardment perfectly normal to the
substrate surface. The simplest way to achieve this is by ensuring the ions have no scattering
events in the ion sheath byQ . .lCangidenagpureAr plasmda under

normal operating conditions in a CCP versus an ICP system. In a CCP system at a pressure of 40

mTorr and 22°C, =~ P& @ A T® T.7In an ICP system at a pressure of 5 mTorr and

u8ta a
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10°C, = W 16 & ®yya O & . This means that in the CCP system, an ion will experience

nearly four collisions in the ion sheath before reaching the substrate surface. In contrast, in the ICP
system, it will experience virtually no collisions at all. Thus, an ICP etch tool is superior for achieving
an anisotropic etch profile. Furthermore, the ICP system is better for etching between smaller
features because the incident angle of an ion is nearly perfectly normal. The details of the etching

process, however, are highly dependent upon the etch chemistry employed.

1.2.2.3 Overview of the Reactive lon Etching Process

Although it may be an oversimplification of the actual etch process, the etch can be split
into four major steps: (1) Reactive species (neutral radicals and positive ions) are generated in the
plasma; (2) the reactive species are transported to the target substrate and adsorb to the surface;
(3) surface reactions take place and form etch byproducts; and (4) the volatile etch byproducts
desorb from the surface and are removed from the chamber.

As previously discussed, the generation of electrically neutral radicals and positively
charged ions occurs in the glow discharge plasma, and the bottom platen forms a negative DC self-
bias. The transport of reactive neutral species from the bulk plasma to the substrate surface occurs
by diffusion. Positive ions are accelerated to the substrate surface due to -Vqc to assist the etching
process. Reactive radicals adsorb onto the substrate surface. This process is strongly enhanced
by ion bombardment, which produces active sites. A reaction occurs between the adsorbed
chemical species and the substrate. In the fluorine-based etching of silicon, F atoms spontaneously
produce SiFx (x  4) volatile species. To effectively etch a given substrate, the reaction products
must desorb from the surface into the gas phase. This typically requires that the conditions in the
chamber are such that the products are volatile and can diffuse away from the substrate surface
and be pumped out of the chamber. The adsorption, reaction, and desorption steps are each
enhanced by concurrent ion bombardment.

The species which generally dominate the etching process in RIE are the neutral radicals.

Directional ion bombardment assists the etch process to realize the formation of high-fidelity pattern
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transfer via an anisotropic etch profile. The RIE process can be broadly divided into two sub-
categories: (1) inhibitor ion-enhanced and (2) energetic ion-enhanced.?° For an inhibitor-driven
process, etching by neutral radicals is spontaneous and does not require ion bombardment. In
these etch chemistries, a thin passivating polymer film forms on the substrate surfaces, inhibiting
the spontaneous chemical etch process. Because ion bombardment is highly directional and
normal to the substrate surface, the ion flux serves to degrade the formation of the passivating
layer on the horizontal surfaces. In contrast, the sidewalls maintain the passivation layer which
inhibits lateral etching from radicals. The result is an anisotropic etch profile with relatively vertical
sidewalls. An example of this mechanism for etching silicon is CF4-based etching. In the case of
an energy-driven etch process, the neutral radical species by themselves cause little to no etching
at all and require ion bombardment for the etching to occur. The ion bombardment provides
sufficient energy to effectivelouswaysasuth gsdmeakinghe s ub st
certain bonds to form volatile byproducts. The dominant mechanisms in this category are highly
dependent on the specific etch chemistry. The development of an anisotropic etch profile is a
natural consequence of the high vertical directionality of the ion bombardment. An example of this

mechanism for etching silicon is Clz-based etching.

1.3 Nanocrystal Building Blocks

Any given material may exhibit various observable properties, which can be categorized
into physical, chemical, mechanical, thermal, electrical, magnetic, optical properties, and more. A
material exhibits properties due to processing that affects structure across many length scales
ranging from atomic to nano-, micro-, meso- and macroscale. Many interesting physical
phenomena have natural length scales between 1-100 nm. Nanocrystals (NCs) are nanoscale
particles that have a well-defined, crystalline atomic structure. The ability to design and characterize
well-defined materials at the nanoscale in both atomic structure and nanoscale morphology enables

the realization and exploitation of properties that are not observed with the same bulk material or
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molecular structures. The synergy between materials chemistry, physics, and engineering at this
scale feeds exciting exploration of new scientific and technological frontiers.??

Over the last three decades, the nanochemistry community has developed many synthetic
routes for creating NCs. While some methods are more robust and repeatable than others, there
now exists a vast and ever-growing library of literature for synthesizing NCs with a variety of sizes,
shapes, and material composition, also including complex heterogeneous morphologies.
Furthermore, these nanoscale building blocks can be assembled into larger ensemble structures,
such as superstructures,?* superlattices,?> and supercrystals,?627 which can collectively exhibit
different properties from the discrete building blocks alone. The work presented in this dissertation
uses NCs as discrete building blocks and employs self-assembly and template-assisted assembly
methods to create wellkd e f i ned NC monol ayers on a -spudbsdtrradtee g iWe:
integratedownd hf @broipc at i oacationme disbreta mttern transfea Similar
bottom-up NC synthesis and self-assembly methods combined with top-down strategies may also
be employed for metamaterial applications where the hierarchical structural and compositional

arrangement enables properties not typically found in natural materials.28.29

1.3.1 Classical Nucleation and Growth

Solution-based NC synthesis occurs by using appropriate chemical precursors in the
presence of solvent(s) and other coordinating complexes. The required reaction temperature and
concentrations may vary widely depending on the system involved and the desired product. NCs
are formed from atomic and molecular monomers, which undergo nucleation and growth to form
discrete crystalline structures. Homogeneous nucleation occurs when nuclei form uniformly
throughout the solution, which is typically the case for most initial NC syntheses. Heterogeneous
nucleation occurs at structural or interfacial i nhomogeneities such as preexi

commonly referred to as seed-mediated growth.
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In the case of homogeneous nucleation and through the lens of thermodynamics, the total
free energy of a nanoparticle is given by the sum of the surface free energy and the bulk free
energy. The total free energy of a spherical particle of radius r is given as:30

1.7)

yo tir =i YO

qQl—

where [ is the surface energy and YO is the free energy of the bulk crystal. YO is a function of
temperature T, Bol t z man n®, she supersaturasion of the solution S, and molar volume
v defined as:

y QY Y
70 ; (1.8)

The surface energy term is always positive, and the crystal free energy is always negative. By
differentiating Y"Owith respect to r and setting it equal to zero, we can determine the maximum free

energy, which is referred to as the critical free energy required to form a nucleus which yields:

yo Zeq (19)
o

meaning the critical radius to form a stable nucleus is given by:

q ¢ o (1.10)
YO QYo

Furthermore, the nucleation rate to form N spherical particles in time t can be expressed as:

j Y0 por v (1.11)
— O0A@PDP—=—r OADD o
0o PPy OAPD Ty
Consequently, the three factors that influence nucleation rate are temperature, supersaturation,
and surface energy. The most significant factor is the supersaturation S.
In the case of heterogeneous nucleation, a correction term %ois introduced, which is a

function of the contact angle — The critical free energy of heterogeneous nucleation is given by:

Nae) %0 (1.12)
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The subsequent growth process which occurs from a stable nucleus is dependent on both

the surface reaction and the diffusion of monomer from the bulk solution to the surface of the NC.

Fickds first | aw ofmodelthefgrowth. Dake i @stine radies ofule &l@, viaw
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the total flux of monomers to the NC surface passing through a spherical plane with radius & ‘O as
the diffusion coefficient of the monomer, and 6 as the concentration of monomer at some distance
@@ Fickds first law is then expressed as:

. o PO (1.13)
vV "W OM)
As depicted in Figure 1.3 for a NC in solution, is the distance from the NC surface to the bulk

concentration of monomer in solution. 6 is the bulk concentration of monomers in solution, 6 is

the monomer concentration at the solid-liquid interface,andd i s t he sol ubil ity

first law can then be rewritten as:

5 T Oju s 6 (1.14)

Assuming steady state diffusion of the solute, 0 is constant regardless of @ Integration of the
concentration profile 6 @ from i 1 toi yields an expression for the flux of monomer passing
through a spherical plane to the particle surface as:3°

0 1™ 016 O (1.15)
The rate of the surface reaction, k, is assumed to be independent of particle size, and a similar
expression can be written as:

0 11 Q8 8 (1.16)

where 6 is the solubility of the NC. This means that there are two limiting factors for NC growth. If
the diffusion of monomers to the particle surface is the limiting factor, then the particle growth rate

can be expressed as:

Qi ov., (1.17)

The other limiting factor is the rate of the surface reaction of the monomers on the particle, where

the growth rate is given by:

20 6 (1.18)
(0]
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If growth is controlled by neither diffusion nor the surface reaction specifically, then:

Qi 0L O (1.19)
Qo | O

Qo0 1 0
Furthermore, the Gibbsd Thomson relation describes how the solubility of a particle is dependent

on size. The expression for particle solubility is given by:3°

e q U (1.20)
6 SADBES
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Figure 1.3: Schematic of NC growth in solution showing the concentration of monomel
function of distance from the NC surface, wheris the distance between the formed NC suri
and concentration in the bulk.
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1.3.2 Nanocrystal Synthesis

A vital prerequisite to achieving uniform physical properties and high-quality NC assembly
is the uniformity of the NC building blocks in structure, size, shape, and surface chemistry. The
qualification of a monodisperse sample is somewhat relative, but typically, a sample with a size
standard deviation of , O 5% is considered monodisperse
properties and high-quality NC assembly into ordered structures.3! Nanocrystals are synthesized
from specific chemical precursors which react to undergo nucleation and growth processes. While
there are numerous synthetic routes, solvothermal synthesis methods which use high boiling point
organic solvents are used for the work presented. Methods such as hot injection or thermal
decomposition typically yield the most monodisperse, highest quality NC products for a wide range
of material systems. Careful selection and optimization of appropriate solvents, chemical
precursors, ligand species, reductants, temperature, time, concentrations, and more are critical for

achieving high-quality NC material. As depicted in Figure 1.4, the resulting morphology is an

Figure 1.4: Schematic illustration of an inorganic 3B
inorganic NC core surrounded by a corona of organic olei
ligandmolecules.
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inorganic crystalline core stabilized by surface-bound organic ligands that help stabilize the NCs in
solution and prevent particle aggregation due to steric repulsion in the appropriate solvents. Figure
1.4 depicts explicitly an inorganic core of FesOs4 with a ligand shell composed of oleic acid
molecules. For the sake of clarity, the schematic only depicts ligands at the periphery of the
inorganic NC core. In reality, the ligands fully cover all parts of the NC surface in three-dimensional
space.

Schlenk line techniques are commonly used for solvothermal synthesis. Figure 1.5 shows
a general schematic of this setup. The reaction vessel is supported by a magnetic stir plate and
surrounded by a heating mantle. Adequate stirring using a Teflon-coated magnetic stir bar is often
required to ensure good mixing and maintain the solution's thermal uniformity. A temperature
controller is used in conjunction with a thermocouple and the heating mantle (with variable power
control) for measuring and maintaining the reaction temperature. A bump trap is used to connect
the flask to a Schlenk line so that any material that bubbles up does not go into the Schlenk line
and can go back into the reaction. A Schlenk line allows one to switch the reaction vessel between
vacuum and an inert gas like nitrogen at different points through the synthesis without exposure to
air and moisture. A septum can be placed in the third neck which can be punctured to introduce
new reagents or extract reaction material using a syringe at any point during the synthesis.

As previously discussed, the nucleation and growth stages of NC synthesis can be tuned
by controlling both the thermodynamic and kinetic parameters of the system to achieve different
NC morphologies.32 The hot injection method is a standard synthesis route used for many
semiconductor and metallic NC systems. This approach takes advantage of the methods studied
by LaMer and Dinegar, which consists of a temporally discrete burst nucleation event followed by
much slower and well-controlled growth on existing nuclei without further nucleation during the
growth process.®® Most of the chemical reagents are mixed in the reaction vessel, placed under
vacuum, and heated to remove air and moisture from the reaction, then brought to the reaction
temperature. At this point, the final precursor is rapidly injected to initiate the reaction by quickly
increasing the reactant concentration above the nucleation threshold, resulting in a burst nucleation
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event that relieves the supersaturation of the solution. In this case, no new nuclei should form if
the rate of the precursor addition does not exceed the feedstock consumption by the growing
NCs.3! Because the growth state for each NC is the same, the resulting size distribution is
determined by the initial nucleation event and is therefore very narrow. The hot injection method is
one of the most successful and widely used approaches for uniform NC synthesis in many materials
systems.

In a general process sense, the reaction setup for thermal decomposition is the same as
that described for hot injection. The major difference is that all the reagents are added at the

beginning of the reaction, and there is no injection of chemical precursor later. Thermal
27



decomposition is commonly used for metal oxide and metal halide systems and is generally
considered a more scalable approach over hot injection for several reasons.3* At low temperature,
the reaction material is composed of the material precursors well mixed in a solvent with a
coordinating ligand molecule present. As the reaction is heated, the precursors form monomers of
the compounds and eventually nucleate to form crystallites that grow into larger NCs. This method
requires careful choice of the precursors and ligands so that nucleation still occurs in a relatively
short period. The nucleation and growth stages are appropriately decoupled to reduce
polydispersity. Typically, a metal-organic complex is generated in-situ from the starting precursors
and then thermally decomposed to act as a good growth source for the NCs. The NC size is
adjusted by changing the precursor concentration, concentration of the ligand species, reaction

temperature, and time.

1.3.3 Nanocrystal Purification

Interactions between particles in a colloidal dispersion are discussed in the following
section (1.4). By understanding the mechanisms of such interactions, we can leverage changes in
the system's state to isolate and purify the NCs to yield a clean, uniform product that can be used
in subsequent studies and applications. Without the surface ligands, the inorganic NCs would form
larger aggregates that would fall out of solution and not be easily redispersed. The NCs are
stabilized in solution by organic ligands bound to the NC surface. In a good solvent for the ligand
molecules, the repulsive force exerted between colliding NCs is enough to counteract attractive
van der Waals forces which would otherwise cause aggregation of the inorganic NC cores. If a
miscible non-solvent for the surface ligands is introduced to an appropriate ratio, this can cause
contraction of the ligand shell, which will destabilize the NCs and cause them to crash out of solution
with the use of centrifugation. The NC precipitate can then be separated from unreacted material
and other undesirable synthetic byproducts and molecules. The well-bound surface ligands enable

the NCs to be redispersed in a good solvent, reversing the previous aggregated state. This process
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of flocculation and redispersion in fresh solvent can be performed several times as needed to
isolate the NCs from the reaction material.

While much effort is placed on planning and optimizing a reaction to yield a monodisperse
NC product, a careful size-selective precipitation process (fractionation) is often employed to
narrow the size distribution further. This is done by slow, stepwise addition and mixing of a miscible
non-solvent, followed by centrifugation and separation. Larger NCs will have greater van der Waals
attraction and tend to aggregate before smaller NCs upon addition of the initial antisolvent.
Centrifugation will cause the largest NCs to precipitate out of the dispersion first, while any smaller
NCs will remain in solution. This process is carefully repeated on the remaining supernatant to
separate different sizes of the NCs. The largest and smallest NCs are removed from the distribution,
and the rest of the material is kept for use, which has a narrower size distribution than the original

reaction product.

1.4 Pairwise Interactions in Nanocrystal Colloids

Nanocrystals well-suspended in solution form what is referred to as a colloidal dispersion,
in which the NCs may interact through a variety of forces. Due to the small size of nanoscale
particles in solution, NCs experience continuous and random motion, commonly referred to as
Brownian motion. Such movement is caused by momentum transfer from the thermal activity of the
surrounding solvent molecules. The Stokes-Einstein equation provides the relationship for the

diffusion coefficient D of a spherical particle ofradiusri n a fl ui d of vi sTassity d e

TQUY
o — (1.21)
@ —i
wherekgi s Bol tzmannds constant. Thermal motion is a ra
forderingo forces if the kinetics due to ther mal en

forces. Brownian motion is the driving factor for particle motion, leading to inevitable collisions
between particles in a colloidal dispersion. The overall behavior of particles in solution is governed
by the balance of many simultaneous interactions between NCs and their interaction with other

molecules. This includes attractive van der Waals interactions as well as repulsive electrostatic and
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steric interactions. DLVO theory is the most fundamental description of colloidal interactions for
stability and aggregation. Beyond this, other important interactions between colloidal particles and
other surfaces exist, including depletion interaction, steric interactions, capillary forces, and the
hydrodynamic force. These phenomena play an important role in the stability of an NC colloidal

dispersion and solution-based NC assembly processes.

1.4.1 Van der Waals Interactions

Whether or not a particle is charged or electrically neutral, Van der Waals (VdW)
interactions always exist between any two particles. On a microscopic level, the VdW force is due
to attractive interactions between atoms, ions, or molecules which result from both permanent and
transient dipoles. In the Bohr model, electrons have fixed orbits around a proton, the smallest of
which has radius ao known as the Bohr radius, which is given as:

T“F 9 (1.22)

a Q

where fo is the permittivity of free space,2i s P 1 a n c k & is theomass bfamelectron, and
e is the elementary charge of an electron. If we define the dipole moment as # @& O»then it is
clear the time average of the dipole momentis @O T However, at any given timet,] 6 T The
resulting electric field of this momentary dipole can polarize another nearby neutral atom, giving
rise to an attractive interaction between the dipole and an induced dipole. Instantaneously induced
di poles or an-imidudede dl agiinpsedieeed to aseLondon dispersion. The
electrostatic energy of this interaction is given by:

" # “Q | (1.23)
T Q T Q
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interaction in which both dipoles are freely rotating is referred to as the Keesom interaction. In all
three cases, the associated energy has a ‘Q dependence, meaning the magnitude of such vdwW

interactions are very sensitive to particle separation and are relatively short-range.®®> When VdW
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forces act between two atoms or molecules, the range is typically less than one nanometer.
However, when considering larger colloidal particles such as NCs, the interaction range can be
much longer. The atoms of the NC can, to some extent, mutually interact with the atoms of another
nearby NC. Therefore, the VdW force between two larger bodies or surfaces can be derived by
integrating the interatomic VdW pair potentials.3® Let the atom-atom pair potential be expressed
as Y Q 0'Q . The Hamaker constant, A, is simplified as:

o “ 6" (1.24)
where C is the coefficient in the atom-atom pair potential, and } 1 and } 2 are the number of atoms
per unit volume in the two bodies. This approximation is only valid assuming the additivity of
molecular pair potentials and non-retarded interactions. The Lifshitz continuum theory
independently treats the larger bodies and the dispersing medium as macroscopic phases that
interact through electric field fluctuations.3” The Hamaker constant is generally in the range of 0

p m J.38 In general, VdW attraction plays an important role in the final stages of NC assembly.

1.4.2 Electrostatic Interactions

Since VdW interactions are always present and attractive, there must be a countering force
that is present to guarantee dispersibility; otherwise, particles would always quickly and irreversibly
aggregate and sediment out of solution. Electrostatic interactions help prevent such aggregation,
typically more so in polar solvents. Due to its high dielectric constant, water is an excellent solvent
for ions. Consequently, most surfaces in water become charged due to adsorption of ions, charge
exchange, or dissociation of surface groups. This surface charge induces an electric field that can
attract counterions, and this resulting layer of surface charge paired with counterions is called the
electric double layer (EDL).

Helmholtz proposed a model which assumed a charged metal surface with adsorbed
solvated ions from solution and a linear potential jump across the interface between the charged
surface and solution. Gouy-Chapman later provided a 3D model of the diffuse double layer, which

considered thermal diffusion of ions away from the charged surface into the bulk solution. This
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diffuse double-layer potential may be calculated using the Poisson-Boltzmann equation. From this
description, the potential decays exponentially away from the charged surface. The Stern model
later combined both the Helmholtz and Gouy-Chapman models and proposed a rigid layer of
adsorbed counterions at the charged surface with a diffuse layer adjacent to the interface. In the
rigid so-called Stern layer, the potential decays linearly with distance from the surface to the
Helmholtz plane, then decays exponentially in the diffuse layer, as illustrated in Figure 1.6. Bockris
later amended this model to include the discrete effect of solvent molecules. More specifically, polar
solvent molecules (like water) have a larger dipole moment and adsorb at the charged surface, and
orient under the influence of the surface potential, thereby affecting the interface's potential. This

orientation of solvent molecules locally lowers the effective dielectric constant.38

———

A Shear Plane
IHPOHP
Yo . o '
Solvent
e © lQ ! : )
= | @ P ®
; 6 e 0 o ° o
i ) 1
S | e I 0 o
‘—; l/)S o | Q : e
s \ o 1
g C N | e : () o
a = "+ ] & : & ]
pe le o
¢ | o .
e ., | ©.0 . @
& o' o : e ;
E 1© o —] Distance from
L | i T » Particle
1 | : Surface
| n I
1
I |

Diffuse Layer
Ap

Stern Layer

Figurel.6: Schematic description of the Stern model floe electrostatic potential in one dimensic
Going away from the particle surface the potential decays linearly in the Stern layer, but expor
in the diffuse layer. denotes the Debye screening length.

32



For a sphere of radius r, the Poisson equation gives the electric potential [ as:

Q1 Qs (1.25)

- e Q
Q i Qi 1
The regime of low potential is defined as ‘% sL QY and at room temperature[] ¢ U @ Fora
sphere of diameter D and valency z of the ion, the interaction free energy can be described as:

e L @Qh_
YQ ?CD

(1.26)

The Debye screening length, _ , determines the length scale of the screened electrostatic potential.
It represents the distance at which the potential has dropped by 1/e from the value at the charged
surface and is given as:

W (1.27)
= ¢ pmd QO
where| is the dielectric constant of the solvent, and | is the ionic strength of the solvent in molar

units (M).39
1.4.3 DLVO Theory

The DLVO theory is named after Boris Derjaguin and Lev Landau, as well as Evert Verwey
and Theodore Overbeekd two teams that independently developed a fundamental colloidal theory
in the 1940s. The theory considers the balance between short-range van der Waals attraction and
longer-range electrostatic repulsion in the form of an effective potential, as shown by Figure 1.7.
DLVO theory states that the attractive and repulsive contributions are additive. A stable colloidal
dispersion occurs when the Coulombic repulsion prevails over the VdW attraction. Aside from
assumptions and simplifications applied for the analytical framework used to develop DLVO theory,
it also fails to consider discrete effects at the molecular scale and other factors considered with
surface chemistry. Therefore, the general analytical framework provided by DLVO theory is more

simplistic than the actual interactions present in many NC colloidal dispersions.
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1.4.4 Depletion Interaction

Aside from the static and transient effects previously discussed with DLVO theory, entropy
can also play a critical role in determining the magnitude of an interaction. Such entropic effects
can lead to an attractive force between two larger particles which is influenced by the presence of
smaller particles or molecules called depletants. For simplicity, imagine two large spheres of
diameter ,, dispersed in a solvent medium in the presence of much smaller spheres of diameter
. As shown in Figure 1.8, when the two larger spheres collide due to Brownian motion and the

interparticle distance d becomes’Q ,  the smaller spheres become geometrically excluded from

that region which is effectively depleted of the smaller spheres. The larger particles experience a

net osmotic pressure between them, pushing the larger spheres closer together. Consequently, the

34



total volume available to the smaller spheres increases by w @which decreases the free energy of

the system.
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If we take Q to be a partition function and assume a dilute solution, then we can
approximate 0 & , where N is the number of depletant particles or moleculesand & ® ®®

The free energy of the system is then given by:3°

. A T : R AL .
Y QM b 00 Il ow 0QYIl W o (1.28)
and the free energy of the interaction is therefore expressed as:
o . . Y0 .
YYyQ YQ Yh 0 'Q"Yd)— 0Yw (1.29)

The interaction is directly proportional to the osmotic pressure 0 and the resulting depletion volume

Y6, so the magnitude of the interaction can be tuned by adjusting the depletant concentration ”

35



0j @. Furthermore, the length scale of the interaction is linked to the depletant size. There is no
depletion interaction if Q , . In the case of spherical particles and depletant species, the

interaction potential becomes:3®
Y oQ — Q. s, », QQ for, Q , , (1.30)

It is evident the length scale, in this case, is the size of the depletant ,,

For spherical particles, the magnitude of this effect increases with increasing particle size
and depletant concentration, but it is typically still less than "Q"Y In the case of spherical NCs in a
solvent or with free ligand molecules, the depletion interaction is typically insufficient to induce
aggregation.®®> However, in the presence of a planar (or especially a concave) surface, the
interaction energy is much stronger. The interaction between a sphere and a concave surface, such
as a topographically templated substrate, results in a much larger increase in the excluded volume

w wthereby increasing the attractive force between the particles and substrate.

1.4.5 Steric Interactions

We have seen the potential for strong attraction between NCs due to VdW forces which
may lead to undesirable particle aggregation in situations where electrostatic repulsion may not be
very strong. It is necessary to combat such attraction with the appropriate repulsive interactions
that external factors can tune. One of the most common methods is to tether molecules to the
surface of a particle which can create steric repulsion, which is chemically activated. These surface
molecules or ligands attached to the surface of an inorganic NC play a significant role in particle
interactions in solution, especially for NC organization and self-assembly processes. In the most
basic sense, the organic ligand shell can act as an entropic spacer that counteracts VdW forces,
yielding a stable colloidal dispersion.

Ligand chemistry can drastically affect interparticle interactions that depend on the
molecular species and morphology, and the solvent medium. Surface ligands essentially act as
surfactant molecules. They typical thatstronglyimteraats

with the inorganic NC core. Many conventional ligands have a non-polar hydrocarbon tail structure
36
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that effectively acts as a spacer layer to increase the distance between NC cores, consequently
reducing VdW attraction between the inorganic NCs and preventing aggregation. When exposed
to a good solvent for the given ligand species, NCs are readily dispersed. For nonpolar hydrocarbon
ligands, a good solvent implies a negative free energy of chain-solvent mixing. This causes the
chains to repel one another and spread out to interact more with the surrounding solvent molecules.
This prevents any significant overlap of the corona of the ligand shell between separate NCs,
yielding a stable colloidal dispersion. In a bad or more polar non-solvent, where the free energy of
chain-solvent mixing is positive, the energy landscape drives the ligand chains to contract and be
attracted to other ligand molecules, ultimately leading to NC aggregation and sedimentation. In
short, the surface chemistry of the organic ligand shell surrounding the inorganic NC core largely
dictates the conditions necessary for a stable colloid. Ligands play a critical role in particle-particle
interactions for NC assembly.

In a stable colloidal dispersion, NCs are well suspended in solution and experience
random collisions with one another. In the case of an isolated NC, the ligand chains are well-
solvated and stretched out since the ligand-solvent molecule interactions are entropically favored.
The number of possible microstates is at a maximum to realize the observed macrostate. However,
when two NCs approach one another during an impending collision, the confinement of the
dangling chains restricts the number of available microstates. This results in a repulsive force
known as steric repulsion, driven by an increase in osmotic pressure. The resulting interaction
energy can be described using the surface density of ligands ¢. The length scale of steric repulsion
can be described by the outstretched ligands which form an organic corona around the inorganic
NC core with an average thickness Q. For a ligand species composed of N monomers of length b,
and a NC core of diameter ,, with separation d between two NCs, the interaction energy can be
expressed as:*°
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where N = 1 for non-polymeric ligands. In general, non-polar organic solvents are good solvents
for many non-polar ligands that typically consist of alkyl chains in various morphologies. Polar
molecules may be employed for more polar solvents like water, but stabilization typically involves

electrostatic repulsion.

1.4.6 Capillary Forces

Capillary forces are long-range interactions that occur at the triple phase boundary of
particles, a suspending liquid medium, and third mobile medium mediated by the interfaces
involved. Factors such as particle size and density, surface tension, and contact angle can
significantly influence the length scale of the effect. Additionally, the morphology of the interfaces
involved plays a significant role in the dominant forces the particles experience. Consider solid
colloidal NCs suspended at the interface of a liquid medium below and the air above. The resulting
liquid-NC-air contact line forms a circle with radius r«. Particles can experience a normal capillary
force that acts perpendicular to the circle plane or lateral forces that act parallel to this plane.
Normal capillary forces result from a liquid bridge that forms between two particles or a particle and
another surface. The curvature induces a negative pressure, and surface tension forces try to
minimize free liquid at the surface. The resulting normal force is highly attractive. Particles and
other surfaces form a perturbation of the liquid interface, called a meniscus. The overlap of the
menisci gives rise to lateral capillary forces that can be described in two separate forms referred to
as flotation forces and immersion forces. The resulting interaction is due to overlapping interfacial
deformations created by separated particles and surfaces. Flotation forces are induced by
deformations that form due to particle mass and buoyancy. Immersion forces are caused by
deformation that forms due to the surfaces' wetting properties, including the position and shape of
the contact line and the magnitude of the contact angle.38

When a liquid bridge is present between two solid surfaces, the normal capillary force "O
arises due to the pressure difference across the curved interface and the surface tension force

exerted around the annulus of the meniscus. This force is generally expressed as:
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"O “GMOEFi0Oh T o — (1.32)
where is the surface tension, 0 is the pressure difference between the inside and outside of the
bridge known as the capillary pressure, r is the radial coordinate, and —is the meniscus slope angle
corresponding to an arbitrary cross-section of the meniscus. The force is attractive if 'O 1 and
repulsive if "O Tt In the special case of a spherical particle of radius R in contact with a planar
surface (Figure 1.9(a)), the liquid bridge that forms around the point of contact is a pendular ring.
The capillary bridge force can then be expressed as:#!

"O ¢ RT-©6 AT-© (1.33)
where — and — are the contact angles at the surfaces of the particle and planar surface,
respectively.

When patrticles float at a liquid-air interface (Figure 1.9(b)), their mass and specific wetting
cause deformation of the liquid surface. The surface tension of the liquid tends to minimize the

surface area of the free liquid, which ultimately leads to interactions between floating particles.

(b) Flotation Force
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Figure 1.9: Schematic description of different types of capillary forces present during s
evaporation includinghe: (a)normal forceof a particle in contact with a substratéb) flotation force
between two particles at a liquidir interface and (c) immersbn force between two particles i
contact with a substrate in the presence of an evaporating solv&mbws indicate the direction
the attractive capillary forces.
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Therefore, the flotation force is a result of the interplay between gravity, surface tension, and the
buoyancy force. When patrticles are located on a solid plane in the presence of a liquid film with a
thickness on the order of the particle diameter (Figure 1.9(c)), immersion capillary forces are
present in addition to the normal force. Again, the liquid tries to minimize the interfacial free energy.
A more rigorous review of capillary forces of colloids can be found in the literature.*!

In general, an increase in interfacial tension [ yields a decrease in the flotation force and
an increase in the immersion force. Additionally, the flotation force is more strongly dependent on
particle size than the immersion force is. For particleswithy 5 e m, the fl ot at.
Therefore, for NC colloids, the immersion force completely dominates the lateral capillary force. As
previously mentioned, the interfacial deformation in the case of the immersion force is related to
the wetting properties of the particle surface, including the position and shape of the contact line
and the magnitude of the contact angle. The lateral capillary force for two identical spheres
immersed in a thin liquid film on a solid substrate can be expressed as:38

O, ¢ OELTO (1.34)
where i is the radius of the contact line, — is the mean slope angle of the meniscus on the

spherical particle, and L is the center-to-center distance between two particles.

1.4.7 Hydrodynamic Forces

Most of the NC assembly processes employed in this thesis work rely on a given solvent's
evaporation. During this process, the hydrodynamic drag force plays a critical role which enables
particles to move from the bulk suspension to the drying front of a meniscus, commonly known as
the fAcof f e® Anytinea paetitld ireadigquia medium is moving, there is inherently a fluid
drag force that is exerted opposite the inertial direction. In Stokes flow, the hydrodynamic drag
force is given as:38

0o ¢ -’ (1.35)
where — is the viscosity of the liquid, R is the particle's radius, and ’ is the relative velocity between
the liquid and the particle. When NCs are not very close to one another (> 10 nm), the magnitude
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of the fluid drag force is much greater than the contribution from gravity, attractive VdW forces, and
electrostatic repulsion. In the case of the formation of a macroscopic meniscus in an evaporating
NC dispersion, the macroscopic effect of the hydrodynamic drag force is such that there is an
overall migration of NCs to the drying front, which yields a significant increase in NC concentration
at the meniscus edge. This phenomenon plays a fundamental and critical role in some NC

assembly methods, further discussed in the following section.

1.4.8 Magnetic Interactions

Some of the NC systems used in this dissertation possess magnetic properties that can
affect the interactions between particles. An externally applied field can be used to influence the
assembly of magnetic NCs. However, even in the absence of an external field, the NCs can align
their magnetic moment in the direction of the local magnetic field due to neighboring NCs. Consider
a single, isolated magnetic NC. The magnetic properties of that particle depend on the specific
material and crystal structure, as well as the size of the particle. In the case of FesOa, the NC is
considered as a single domain magnet. This means the entire NC is a single magnetic domain that
possesses a single distinct magnetic moment for the particle. The timescale t on which the

magnetization flips spontaneously due to thermal fluctuations can be approximated as:*3

O (1.36)
t tAQ By
where T is a material-specific timescale and ‘O is the energy barrier. For a 10 nm patrticle of FezOs,
tx p 1 s, and in the absence of an applied field, O 0 win which K is the anisotropy constant

and V is the volume of the particle. The magnitude of the magnetic moment scales with particle

volume as:

@ 0o (1.37)

where is the permeability of free space, and 0 is the saturation magnetization. When the

experimental timescale t  is long compared to 1, then the magnetic moment of the NC fluctuates
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rapidly such that the time average magnetic moment & 1t Therefore, such superparamagnetic
particles exhibit a net magnetic moment only under an applied field H. A system is classified as

superparamagnetic if it is above its blocking temperature defined as:3°

y (V) (1.38)

The dominant contribution of magnetic particle interactions in solution and upon NC
assembly is the magnetic dipole-dipole interaction. For a spherical particle of radius a and constant
magnetization M, the generated magnetic field is identical to a point dipole. In this case, an inherent
magnetic field due to a neighboring particle is expressed as:
oi I 1 (1.39)

™
where "l denotes the unit vector parallel to r. The magnetic energy of a dipolar particle in such a
field is given by 7Y i &, where the dipole experiences a force ¢ n i & . Therefore, the
dipole-dipole energy, Y , is defined as the work required to bring two dipoles with moments {

andi together at a separation distance r, and is given by:

" i Jd i J1i 2l (1.40)
.l.u ‘ ‘l
In-line dipoles yield an attractive interaction with a magnitude of & j¢“‘ 1 , while anti-parallel
dipoles are repulsive with a magnitude of & jt“‘ i . For superparamagnetic NCs, the dipole-
di pole interactions between fluctuating magnetic mo

characteristic to ferromagnetic particles at large separations. The interaction energy for

superparamagnetic particles can be approximated as:3®

PG & (1.41)
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Figure 1.10 shows the dependence on the distance of the dipole interaction between
superparamagnetic particles. At small separations, the magnetic field due to one particle is strong
enough to orient with its neighbor to form in-line dipoles. This is similar to the fixed dipoles of a
ferromagnet which has ai  separation dependence. For larger separations, the moment of each
particle becomes more disoriented with respect to the neighboring particles, and the interaction
energy potential approaches the Keesom interaction given by equation (1.41), which has a i
dependence on the separation distance. In the presence of an externally applied magnetic field G
however, the dipoles are aligned with the field regardless of separation distance. For sufficiently
small particles such as a 10 nm Fe3O4 NC with an oleic acid ligand shell without an externally
applied magnetic field, the magnitude of the interaction potentials for VdW attraction and steric
repulsion are dominant over the magnetic interactions. However, in a sufficiently strong applied

field H, the magnetic forces can dominate the interactions upon NC assembly.

Applied Field
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log(U44)
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Figurel.10 Plot of interaction energy as a function of distarigdor two superparamagnetic particl
when there is no externally applied field (blue) and when there is an applied magnetic field (r
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15 Self-Assembly of Nanocrystal Monolayers

NC self-assembly offers a bottom-up platform for many applications such as creating
photonic crystals,** plasmonic devices,* surfaces with engineered wettability,*¢ optoelectronic
devices*’, memory devices*®, and much more. One of the most critical aspects of the work
presented in this dissertation relies on assembling discrete NC building blocks into a well-ordered
two-dimensional (2D) superlattice. In the context of discrete pattern transfer using NC masks, it is
important to have the ability to assemble only a monolayer of NCs to maintain high fidelity pattern
transfer due to molecular transport and the directionality of the dry etching process. Two prominent,
yet distinct, methods of NC assembly well-suited for thin-film organization will be presented in the
next chapter: 1) self-assembly at the liquid-air interface and 2) template-assisted self-assembly.

The previous section (1.4) discussed several pairwise interactions between NCs. In
addition to these interactions, there are also many other entropic effects due to the organic ligand
shell. In a colloidal dispersion, all these effects are simultaneously present. Given the specific state
of the system and NC morphology, certain effects may be dominant at different points in time during
the assembly process. Furthermore, many NCs interact with one another at any given time, and
such complex many-body effects are difficult to accurately describe analytically. The abundance of
contributing factors to the interparticle potential, unknown relative weights of each term, nonlinear
and non-additive coupling, evolution during assembly and other effects make devising an accurate
expression for the free energy of the system extremely complicated. Because numerous
simultaneous and competing effects can also be further convoluted with other external or
environmental factors, the formation and optimization of well-ordered NC monolayers is often
realized through systematic trial and error experiments.

Numerous methods have been explored for the self-assembly of NC building blocks to
create 3D superstructures and 2D superlattices. However, we will limit our discussion here to the
formation of clusters and continuous 2D films of NC monolayers. Self-assembly is the process by
which individual components arrange themselves into an ordered structure.*® In the context of the

work presented, this term is reserved for the assembly of NC building blocks. The NCs are not
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linked together by covalent bonds but are ordered by weaker forces such as van der Waals
attraction. A NC superlattice is a well-ordered array of inorganic NC cores separated by organic
surface ligands. The NC assembly methods employed in work presented are primarily based on
solvent evaporation, commonly categorized as drying-mediated self-assembly. Aside from the
morphology and uniformity of the NC building blocks, other factors such as NC concentration,
substrate surface chemistry, solvent choice, temperature, humidity, and more play a significant role

in the quality of ordering and the length scale over which an ordered NC superlattice may form.

1.5.1 Energetic Considerations for NC Self-Assembly

The crystallization of constituent NC building blocks into a well-ordered superlattice
monolayer over a reasonably large area can be a difficult task to achieve. This outcome is realized
through a complex process that involves numerous competing interaction forces which occur
among a discrete NC, between separate NCs, the surrounding environment, and any other
surfaces or interfaces. From a simple thermodynamic perspective, self-assembly results from the
minimization of the system's free energy. In direct self-assembly, a global minimum energy state is
achieved in a self-governing fashion. In contrast, for indirect self-assembly (or assisted self-
assembly), the system is specifically designed. Hence, the NC building blocks find a local energy
minimum locked in as the final state.° In the case of a 3D superstructure composed of uniform
spheres, the minimum free energy structure is the face-centered cubic (FCC) close-packed
arrangement. In contrast, for a 2D monolayer, the thermodynamically stable structure is

hexagonally close-packed (HCP).5! For uniform, single-component spheres, the HCP packing
density is 'Q * '7'—_. Aggregation of NC building blocks into a well-ordered superlattice can be

considered as a phase transition which proceeds via nucleation and growth. In this case, however,
the monomers are not atoms or compounds, but rather the NC building blocks composed of a
crystalline inorganic core surrounded by an organic ligand shell. Processes far from equilibrium

typically create kinetically trapped states which result in disorder, smaller grain sizes, and high
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defect densities. Therefore, larger area films with improved order typically result from an assembly
process that occurs under near-equilibrium conditions with specific boundary conditions.
Evaporation-based self-assembly under thin-film confinement nucleates at an interface
(such as a solid/liquid or a liquid/air interface) without significant attractive interparticle
interactions.*® The film often nucleates as distinct islands, which may develop into a polycrystalline
film structure. However, defects can be repaired naturally given enough time and slow enough
drying upon solvent evaporation. As the dispersing solvent of a NC colloid evaporates, the NC
concentration increases allowing more probable interactions between the NCs to permit nucleation
and growth. As will be discussed in Chapter 2, the experimental setup can be tailored to adjust the
boundary conditions to form a thin film at an interface. The presence of a ligand shell on the
inorganic NC core softens the interaction of the inorganic cores.5? The VdW attraction of NCs is
screened by the steric repulsion of the ligand corona on each NC in the solvent. In a good solvent
for the ligand molecules, the free energy of ligand-solvent mixing is negative. Therefore, the
exclusion of solvent molecules in the vicinity of the ligand corona is unfavorable, which results in
an osmotic term that reacts upon two NCs as soon as their ligand coronas begin to overlap. This
effect occurs at separation distances d less than twice the width of the capping layer Q Q ¢Q .4°
For simplicity, let us first consider particle assembly without considering steric effects. The
hard particle model provides an approximation for NCs with predominantly repulsive interactions
or with only weak attraction over small distances. The Kirkwoodd Alder transition is based on
entropy-driven crystallization of hard spheres.535* Hard particles experience strong repulsion upon
contact, meaning they interact only through excluded volumes and try to minimize free energy by
maximizing the system's entropy. Particles suspended in a fluid at a relatively high volume fraction
experience a greater total entropy state in an ordered, close-packed structure rather than a
disordered fluid. In the ordered state, the extra free volume that enables an increase in translational
and rotational entropy is greater than the loss of configurational entropy of particle position.4°
Counterintuitively, increased visible order is associated with an increase in microscopic disorder.55
A dense packing or minimal volume structure is favored as the most energetically stable state.
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While this frame of reference offers a general starting point for expected assembly results, it

neglects the significant effects of the ligand corona upon NC assembly.

Drying Force

Figurel.11: Schematic description of the drying force between two NCs
an inorganic core diametercgle and ligand shell thickness teading to the
resulting nearest neighbor comeore center distancen.

The organic ligand shell makes the NCs behave more like soft spheres during NC
assembly, which necessitates considering both VdW attraction and steric repulsion of soft, dynamic
ligand molecules.%¢ As the solvent evaporates, the energy cost for interacting ligand coronas
decreases. On highly curved surfaces such as small NCs, each ligand experiences a higher cone-
shaped volume than a flat surface. This means the segment density rapidly decays away from the
NC surface.*® Consequently, the change in free energy upon moderate interpenetration of

interacting ligand coronas is small and becomes more favorable as the solvent evaporates. As
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displayed by Figure 1.11, during the late drying stage, the ligand coronas are no longer swollen
with solvent molecules and transition from a repulsive state to an attractive state due to Vdw
interactions between the hydrocarbon chains in the absence of solvent. Therefore, the organic
ligand shell plays a significant role in NC assembly from both a thermodynamic perspective with
the interaction potential, and a kinetics perspective that depends upon the dynamics of evaporation
and particle mobility, ultimately leading to a characteristic interparticle spacing between the
inorganic NC cores.

The design of the ligand shell can significantly affect assembly results, especially when
comparing different molecular morphologies like alkyl chains, branched dendrimers, short-chained
polymers, and DNA ligands.52 NC interactions mediated by the ligand shell can be sensitive to
several factors: the solvent, NC core size, temperature, bonding strength, grafting surface structure,
NC shape/facet morphology, and coating thickness.*® In most cases, several of these factors are
simultaneously present and contribute to competing effects. A common effect in drying-mediated
self-assembly is that the ligand shell may experience some dynamic deformation during the
dewetting process due to surface tension.>? This effect is greater for grafted polymers and DNA,
which are typically much longer than shorter alkyl chains. However, if the NC core size is small
enough, even commonly used alkyl chains such as oleic acid, oleylamine, and 1-dodecanethiol can
affect the softness and the resulting NC interactions. The entropic spring model proposed by Cheng

et al. uses the softness ...and deformation parameter _ described as:%’

¢'Q (1.42)
Q
¢cQ Q2 Q (1.43)
- cQ Q

where 'Q s the diameter of the inorganic NC core, "Q is the ligand shell thickness, and Q is
the nearest neighbor core-to-core distance as depicted in Figure 1.11. NCs with a lower softness
value typically assemble with a close-packed structure (FCC or HCP), whereas systems with a high

softness value ... T tend to stabilize in a BCC formation.*°
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1.5.2 Nonequilibrium Drying Effects

The previous section briefly highlighted the complexity of solution-based NC assembly due
to numerous and simultaneously competing interactions. Both thermodynamic and Kkinetic
frameworks are needed to understand such a process. While it is essential to understand the
organization of NCs within the formed superlattice, it is also necessary to consider the morphology
of such superlattice domains at the mesoscale. In the case of drop-casting a NC dispersion onto a
solid substrate, NCs will follow the receding solvent front. Therefore, the formation and evolution of
contact lines between the liquid-solid-vapor play a significant role in the final morphology of the NC
film which is deposited. If NC diffusion is faster than solvent evaporation (or movement of the
contact line), NC concentration will locally increase in the areas of the receding solvent front.4°
Evaporation-based assembly methods are, in general, a non-equilibrium process. In the
homogeneous limit of solvent evaporation, rapid formation and coalescence of the vapor phase
occurs. This means evaporation occurs by spinodal nucleation and coarsening of the vapor phase.
The relative concentration of NCs is a major factor that influences the morphology of NC
aggregates or superlattice domains that form. At low NC concentration, small islands tend to form.
At intermediate concentration, bicontinuous networks form, and at higher concentrations, voids in
a more continuous network tend to form.%8 Ultimately, solvent evaporation initiates the onset of
coarsening, and the subsequent growth of NC domains is determined by NC diffusion and mobility.

As a liquid drop begins to evaporate, the contact line is initially pinned, and the contact
angle decreases until it reaches some critical value. Depinning of the contact line occurs after the
critical value is reached, and this angle may be maintained as the droplet evaporates and the
contact line moves across the substrate. When the contact line is pinned in the early stages of
evaporation, the evaporation flux is higher at the edge than in the center of the drop. Consequently,
there is an outward solvent flow from the center of the drop to the periphery, which causes particle
concentration to increase at the perimeter of the drop near the contact line® Thi s fAcoffee ri
effecto is a common dryi ng pastrNG dispersion.*? @bperglingr ed f r o1

on the specific conditions of the sample, other effects due to capillary forces between particles and
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between particles and the substrate surface commonly exist. In a drying droplet, such capillary
forces can act in the opposite direction of the outward flow, and in the later stages of drying, aid in
the formation of a close-packed arrangement of the particles near the droplet perimeter. While
drop-casting is simple, it is challenging to exhibit control over the NC assembly results reproducibly.

The mesoscale morphology realized via evaporation-based assembly is dependent on
drying dynamics and the environmental factors which influence the rate of evaporation and resulting
kinetic effects for particle motion. Far-from-equilibrium effects result in kinetically trapped
morphologies, but such nonequilibrium drying effects can be used in a designed manner. For
instance, the Marangoni effect is one result of fast drying. Rapid drying results in localized
temperature gradients and pressure gradients, giving rise to a surface tension gradient between
the liquid-substrate and liquid-air interfaces. If the resulting force exceeds solvent viscous forces,
convective liquid motion can dominate particle motion over normal diffusion.® The resulting
morphology of particle deposition dominated by the Marangoni effect is typically a ring structure or
hexagonal cells, but it is not easily controllable or reproducible and regular.6%61 A more controllable
nonequilibrium approach has been demonstrated to create striped NC films in which the meniscus
of a NC dispersion is unidirectionally swept across a surface.®? In this case, the relative velocity of
the meniscus over the surface versus the solvent evaporation rate can be tailored to result in a
stick-slip motion of periodic pinning and depinning of the dispersion drying front.

Dip-coating has proven to be a more well-controlled particle assembly approach that can
produce more uniform particle films over drop-casting methods. Generally, this method involves
slowly and controllably withdrawing a substrate vertically out of a particle dispersion with a parallel
contact line to form multilayer or monolayer films and depends on various experimental
conditions.®® While this method enables some controls to produce assembly results that are more
uniform than simply drop-casting, it still suffers from common nonidealities like small domain sizes,
non-uniformity in layer thickness, and void regions. Itis believed a wavy contact line due to Rayleigh
instability is the primary cause of multidirectional superlattice growth, which results in unfavorable
domain boundaries.®* Additionally, care must be taken to adjust the temperature, humidity,
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withdrawal rate, and other factors to avoid the stick-slip phenomenon previously described. It has
been shown that using a straight pre-patterned surface relief that serves to uniformly pin the
dispersion meniscus can yield significantly improved assembly results in both layer thickness and
particle order.5* The dip-coating method has been more successful for specifically monolayer
formation using larger particles which are several hundred nanometers to microscale particles,
rather than for much smaller NCs. Additionally, this method has been more widely studied using
aqueous dispersions rather than NC dispersions with organic solvents. Using small NCs in organic

solvents with the dip-coating approach has mostly been used to create multilayer films.

1.6 Outline of Dissertation Chapters

Chapter 1 first provided an overview of conventional approaches for patterning and pattern
transfer employed for top-down nanofabrication. We then discussed a bottom-up perspective of
nanoscale design achieved through chemical synthesis and self-assembly of nanostructures. The
focus of this dissertation is to present a platform that integrates the bottom-up and top-down
approaches to achieve ultra-high-resolution patterning and pattern transfer in the deep nanoscale
(< 10 nm) using NC colloidal lithography. The strategies developed by this dissertation offer an
alternative nanofabrication platform over costly, state-of-the-art fabrication technologies, thereby
enabling broader access to deep nanoscale fabrication.

Chapter 2 discusses highlighted experimental procedures. The NC self-assembly
approach is critical to achieving well-ordered NC lattices used to create the desired uniform deep
nanoscale patterns. We present two variations of monolayer NC assembly. The established NC
patterns serve as the mask layer, where each NC serves as a mask for etching or deposition.
Another critical experimental method is dry etching procedures for pattern transfer into a desired
substrate material. Several interdependent parameters influence the resulting pattern transfer
morphology, making process optimization complex. Consequently, we provide an example of
applying a design of experiment (DOE) approach for rationalizing process optimization for dry

etching recipes.
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Chapter 3 explores the patterning and pattern transfer process in the sub-10 nm regime
based on the NC colloidal lithography platform using spherical NCs. The fabrication approach is
demonstrated for several pattern morphologies and explores differences in using a NC monolayer
versus a bilayer for the resulting pattern transfer morphology. Variations of the pattern transfer
approach, including secondary mask deposition, selective etching, and subsequent pattern
transfer, are also discussed. The results indicate the NC pattern morphology plays a significant role
in the success of discrete pattern transfer and show there is an opportunity to further explore
parameters in experimental design.

Chapter 4 provides an extension of the NC colloidal lithography approach using an
anisotropic NC build block to demonstrate the versatility of the fabrication platform to create more
complex structures which have not previously been demonstrated. We demonstrate a sub-5 nm
critical dimension in the pattern transferred to several substrate materials. The results support the
importance of NC morphology on the fabrication outcome and reveal there is a significant
opportunity to explore our fabrication approach further.

Chapter 5 offers several research extensions and future directions for our NC colloidal
lithography nanofabrication strategy. These include exploration of other NC systems used for
patterning various substrate materials, integrating templated patterning with NC colloidal
lithography, utilizing the computational analysis to inform experimental design, using metal-
assisted chemical etching for solution-based pattern transfer, an alternative dry pattern transfer
method using plasmonic lithography, and reducing defect density using polymer ligands and

solvent vapor annealing. Chapter 6 briefly provides concluding remarks.

1.7 References

(2) Miyazaki, J.; Yen, A. EUV Lithography Technology for High-Volume Production of
Semiconductor Devices. J. Photopolym. Sci. Technol. 2019, 32 (2), 1951 201.

(2) De Bisschop, P.; Hendrickx, E. Stochastic Effects in EUV Lithography. In Proc. SPIE;
SPIE-Intl Soc Optical Eng, 2018; p 10583. https://doi.org/10.1117/12.2300541.

52



3)

(4)

()

(6)

(7)

(8)

(9)

(10)

(11)

(12)

De Bisschop, P.; Hendrickx, E. Stochastic Printing Failures in EUV Lithography. In Proc.
SPIE; SPIE-Intl Soc Optical Eng, 2019; p 10957. https://doi.org/10.1117/12.2515082.

Lapedus, M. Gearing Up for High-NA EUV https://semiengineering.com/gearing-up-for-
high-na-euv/ (accessed Oct 27, 2021).

Cui, Z. Nanofabrication Principles, Capabilities and Limits, 2nd ed.; Springer International
Publishing: Switzerland, 2017. https://doi.org/10.1007/978-3-319-39361-2.

Seisyan, R. P. Nanolithography in Microelectronics: A Review. Tech. Phys. 2011, 56 (8),
10617 1073. https://doi.org/10.1134/S1063784211080214.

Okazaki, S. High Resolution Optical Lithography or High Throughput Electron Beam
Lithography: The Technical Struggle from the Micro to the Nano-Fabrication Evolution.
Microelectron. Eng. 2015, 133, 23i 35. https://doi.org/10.1016/j.mee.2014.11.015.

Fomenkov, |.; Brandt, D.; Ershov, A.; Schafgans, A.; Tao, Y.; Vaschenko, G.; Rokitski, S.;
Kats, M.; Vargas, M.; Purvis, M.; Rafac, R.; La Fontaine, B.; De Dea, S.; LaForge, A.;
Stewart, J.; Chang, S.; Graham, M.; Riggs, D.; Taylor, T.; Abraham, M.; Brown, D. Light
Sources for High-Volume Manufacturing EUV Lithography: Technology, Performance, and
Power Scaling. Adv. Opt. Technol. 2017, 6 (3i 4), 173i 186. https://doi.org/10.1515/aot-
2017-0029.

Zahlten, C.; Graupner, P.; van Schoot, J.; Kuerz, P.; Stoeldraijer, J.; Kaiser, W. High-NA
EUV Lithography: Pushing the Limits. In Proceedings of SPIE; SPIE-Intl Soc Optical Eng,
2019; p 43. https://doi.org/10.1117/12.2536469.

van Setten, E.; Bottiglieri, G.; McNamara, J.; van Schoot, J.; Troost, K.; Zekry, J.;
Fliervoet, T.; Hsu, S.; Zimmermann, J.; Roesch, M.; Bilski, B.; Graeupner, P. High NA
EUV Lithography: Next Step in EUV Imaging. In Proc. SPIE; SPIE-Intl Soc Optical Eng,
2019; p 10957. https://doi.org/10.1117/12.2514952.

Chen, Y. Nanofabrication by Electron Beam Lithography and Its Applications: A Review.
Microelectron. Eng. 2015, 135, 57i 72. https://doi.org/10.1016/j.mee.2015.02.042.

Kyo Oh, D.; Lee, T.; Ko, B.; Badloe, T.; Ok, J. G.; Rho, J. Nanoimprint Lithography for
High-Throughput Fabrication of Metasurfaces. Front. Optoelectron. 2021, 14 (2), 2297 251.

https://doi.org/10.1007/s12200-021-1121-8.
53



(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

Manfrinato, V. R.; Stein, A.; Zhang, L.; Nam, C.-Y.; Yager, K. G.; Stach, E. A,; Black, C. T.
Aberration-Corrected Electron Beam Lithography at the One Nanometer Length Scale.
Nano Lett. 2017, 17, 45621 4567. https://doi.org/10.1021/acs.nanolett.7b00514.

Manfrinato, V. R.; Camino, F. E.; Stein, A.; Zhang, L.; Lu, M.; Stach, E. A.; Black, C. T.
Patterning Si at the 1 Nm Length Scale with Aberration-Corrected Electron-Beam
Lithography: Tuning of Plasmonic Properties by Design. Adv. Funct. Mater. 2019, 29.
https://doi.org/10.1002/adfm.201903429.

Sotomayor Torres, C. M.; Zankovych, S.; Seekamp, J.; Kam, A. P.; Clavijo Cedefio, C.;
Hoffmann, T.; Ahopelto, J.; Reuther, F.; Pfeiffer, K.; Bleidiessel, G.; Gruetzner, G.;
Maximov, M. V.; Heidari, B. Nanoimprint Lithography: An Alternative Nanofabrication
Approach. Mater. Sci. Eng. C 2003, 23 (1i 2), 23i 31. https://doi.org/10.1016/S0928-
4931(02)00221-7.

Schift, H. Nanoimprint Lithography: An Old Story in Modern Times? A Review. J. Vac. Sci.
Technol. B Microelectron. Nanom. Struct. 2008, 26 (2), 458.
https://doi.org/10.1116/1.2890972.

Kooy, N.; Mohamed, K.; Pin, L. T.; Guan, O. S. A Review of Roll-to-Roll Nanoimprint
Lithography; 2014.

Lova, P.; Soci, C. Nanoimprint Lithography: Toward Functional Photonic Crystals. In
Organic and Hybrid Photonic Crystals; Springer International Publishing: Cham, 2015.
https://doi.org/10.1007/978-3-319-16580-6_9.

Vogler, M.; Wiedenberg, S.; MlUhlberger, M.; Bergmair, |.; Glinsner, T.; Schmidt, H.; Kley,
E. B.; Grutzner, G. Development of a Novel, Low-Viscosity UV-Curable Polymer System
for UV-Nanoimprint Lithography. Microelectron. Eng. 2007, 84, 984i 988.
https://doi.org/10.1016/j.mee.2007.01.184.

Flamm, D. L. Plasma Etching: An Introduction; Flamm, D. L., Manos, D. M., Eds.; Elsevier
Science, 1989.

Sugawara, M. Plasma Etching: Fundamentals and Applications; Oxford University Press,
1998.

Nojiri, K. Dry Etching Technology for Semiconductors; Springer International Publishing:
54



(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

Switzerland, 2015.

Kovalenko, M. V.; Manna, L.; Cabot, A.; Hens, Z.; Talapin, D. V.; Kagan, C. R.; Klimov, V.
I.; Rogach, A. L.; Reiss, P.; Milliron, D. J.; Guyot-Sionnnest, P.; Konstantatos, G.; Parak,
W. J.; Hyeon, T.; Korgel, B. A.; Murray, C. B.; Heiss, W. Prospects of Nanoscience with
Nanocrystals. ACS Nano 2015, 9 (2), 10127 1057. https://doi.org/10.1021/nn506223h.

Rogach, A. L.; Talapin, D. V.; Shevchenko, E. V.; Kornowski, A.; Haase, M.; Weller, H.
Organization of Matter on Different Size Scales: Monodisperse Nanocrystals and Their
Superstructures. Adv. Funct. Mater. 2002, 12 (10), 6531 664.

Shevchenko, E. V. ; Tal apin, D. V. Kot ov,
Diversity in Binary Nanoparticle Superlattices. Nature 2006, 439 (7072), 55i 59.
https://doi.org/10.1038/nature04414.

Marino, E.; Marino, E.; Keller, A. W.; An, D.; Van Dongen, S.; Van Dongen, S.; Kodger, T.
E.; MacArthur, K. E.; Heggen, M.; Kagan, C. R.; Kagan, C. R.; Kagan, C. R.; Murray, C.
B.; Murray, C. B.; Schall, P. Favoring the Growth of High-Quality, Three-Dimensional
Supercrystals of Nanocrystals. J. Phys. Chem. C 2020, 124, 112567 11264.
https://doi.org/10.1021/acs.jpcc.0c02805.

Marino, E.; Sciortino, A.; Berkhout, A.; MacArthur, K. E.; Heggen, M.; Gregorkiewicz, T.;
Kodger, T. E.; Capretti, A.; Murray, C. B.; Femius Koenderink, A.; Messina, F.; Schall, P.
Simultaneous Photonic and Excitonic Coupling in Spherical Quantum Dot Supercrystals.
ACS Nano 2020, 14, 138061 13815. https://doi.org/10.1021/acsnano.0c06188.

Guo, J.; Kim, J. Y.; Zhang, M.; Wang, H.; Stein, A.; Murray, C. B.; Kotov, N. A.; Kagan, C.
R. Chemo- And Thermomechanically Configurable 3D Optical Metamaterials Constructed
from Colloidal Nanocrystal Assemblies. ACS Nano 2020, 14, 14277 1435.
https://doi.org/10.1021/acsnano.9b08452.

Zhou, W.; Liu, Z.; Huang, Z.; Lin, H.; Samanta, D.; Lin, Q.-Y.; Aydin, K.; Mirkin, C. A.
Device-Quality, Reconfigurable Metamaterials from Shape-Directed Nanocrystal
Assembly. PNAS 2020, 117 (35), 21052 21057.
https://doi.org/10.1073/pnas.2006797117/-/DCSupplemental.

Thanh, N. T. K.; Maclean, N.; Mahiddine, S. Mechanisms of Nucleation and Growth of

55

N.

A.



(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

Nanopatrticles in Solution. Chem. Rev. 2014, 114 (15), 76107 7630.
https://doi.org/10.1021/cr400544s.

Murray, C. B.; Kagan, C. R.; Bawendi, M. G. Synthesis and Characterization of
Monodisperse Nanocrystals and Close-Packed Nanocrystal Assemblies. Annu. Rev.
Mater. Sci. 2000, 30 (1), 5451 610. https://doi.org/10.1146/annurev.matsci.30.1.545.

Lai, J.; Niu, W.; Luque, R.; Xu, G. Solvothermal Synthesis of Metal Nanocrystals and Their
Applications. Nano Today. Elsevier B.V. 2015, pp 240i 267.
https://doi.org/10.1016/j.nantod.2015.03.001.

Lamer, V. K.; Dinegar, R. H. Theory, Production and Mechanism of Formation of
Monodispersed Hydrosols. J. Am. Chem. Soc. 1950, 72, 4847 4854.

Van Embden, J.; Chesman, A. S. R.; Jasieniak, J. J. The Heat-up Synthesis of Colloidal
Nanocrystals. Chemistry of Materials. American Chemical Society April 14, 2015, pp
224671 2285. https://doi.org/10.1021/cm5028964.

Bishop, K. J. M.; Wilmer, C. E.; Soh, S.; Grzybowski, B. A. Nanoscale Forces and Their
Uses in Self-Assembly. Small 2009, 5 (14), 16007 1630.
https://doi.org/10.1002/smll.200900358.

Hamaker, H. C. The London-van Der Waals Attraction between Spherical Particles.
Physica 1937, 4 (10), 1058i 1072.

Lifshitz, E. M. The Theory of Molecular Attractive Forces between Solids. J. Exp. Phys.
USSR 1955.

Li, Q.; Jonas, U.; Zhao, X. S.; Kappl, M. The Forces at Work in Colloidal Self-Assembly: A
Review on Fundamental Interactions between Colloidal Particles. Asia-Pacific J. Chem.
Eng. 2008, 3 (3), 2551 268. https://doi.org/10.1002/apj.144.

Israelachvili, J. N. Intermolecular and Surface Forces, 3rd ed.; Academic Press: San
Diego, 2011.

Mewis, J.; Frith, W. J.; Strivens, T. A.; Russel, W. B. The Rheology of Suspensions
Containing Polymerically Stabilized Particles. AlIChe 1989, 35 (3), 4151 422.

56



(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

Kralchevsky, P. A.; Denkov, N. D. Capillary Forces and Structuring in Layers of Colloid
Particles. Curr. Opin. Colloid Interface Sci. 2001, 6 (4), 383i 401.
https://doi.org/10.1016/S1359-0294(01)00105-4.

Deegan, R. D.; Bakajin, O.; Dupont, T. F.; Huber, G.; Nagel, S. R.; Witten, T. A. Capillary
Flow as the Cause of Ring Stains from Dried Liquid Drops. Nature 1997, 389 (23), 8271
829.

Batlle, X.; Labarta, A. Finite-Size Effects in Fine Particles: Magnetic and Transport
Properties. Journal of Physics D: Applied Physics. March 21, 2002.
https://doi.org/10.1088/0022-3727/35/6/201.

Chu, G.; Chen, F.; Zhao, B.; Zhang, X.; Zussman, E.; Rojas, O. J. Self-Assembled
Nanorods and Microspheres for Functional Photonics: Retroreflector Meets Microlens
Array. Adv. Opt. Mater. 2021, 9. https://doi.org/10.1002/adom.202002258.

Chen, W.; Guo, J.; Zhao, Q.; Gopalan, P.; Fafarman, A. T.; Keller, A.; Zhang, M.; Wu, Y.;
Murray, C. B.; Kagan, C. R. Designing Strong Optical Absorbers via Continuous Tuning of
Interparticle Interaction in Colloidal Gold Nanocrystal Assemblies. ACS Nano 2019.
https://doi.org/10.1021/acsnano.9b02818.

Elbert, K. C.; Jishkariani, D.; Wu, Y.; Lee, J. D.; Donnio, B.; Murray, C. B. Design, Self-
Assembly, and Switchable Wettability in Hydrophobic, Hydrophilic, and Janus Dendritic
Ligandi Gol d Nanoparlst Chenh. Bated 2044, 29020, [Z8T-&746i a
https://doi.org/10.1021/acs.chemmater.7b02928.

Zhao, Q.; Gouget, G.; Guo, J.; Yang, S.; Zhao, T.; Straus, D. B.; Qian, C.; Oh, N.; Wang,
H.; Murray, C. B.; Kagan, C. R. Enhanced Carrier Transport in Strongly Coupled,
Epitaxially Fused CdSe Nanocrystal Solids. Nano Lett. 2021, 21, 33181 3324.
https://doi.org/10.1021/acs.nanolett.1c00860.

Rathore, J. S.; Fandan, R.; Srivastava, S.; Khiangte, K. R.; Das, S.; Ganguly, U.; Laha, A.;
Mahapatra, S. Self-Assembled Sn Nanocrystals as the Floating Gate of Nonvolatile Flash
Memory. ACS Appl. Electron. Mater. 2019, 1, 1852 1858.
https://doi.org/10.1021/acsaelm.9b00379.

Boles, M. A.; Engel, M.; Talapin, D. V. Self-Assembly of Colloidal Nanocrystals: From

57



(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

Intricate Structures to Functional Materials. Chem. Rev. 2016, 116, 112207 11289.
https://doi.org/10.1021/acs.chemrev.6b00196.

Van Dommelen, R.; Fanzio, P.; Sasso, L. Surface Self-Assembly of Colloidal Crystals for
Micro-and Nano-Patterning. Adv. Colloid Interface Sci. 2018, 251, 971 114.
https://doi.org/10.1016/j.cis.2017.10.007.

Xia, Y.; Gates, B.; Yin, Y.; Lu, Y. Monodispersed Colloidal Spheres: Old Materials with
New Applications**. Adv. Mater. 2000, 12 (10), 693i 713.

Si, K. J.; Chen, Y.; Shi, Q.; Cheng, W. Nanoparticle Superlattices: The Roles of Soft
Ligands. Adv. Sci. 2018, 5, 1700179. https://doi.org/10.1002/advs.201700179.

Kirkwood, J. G. Molecular Distribution in Liquids. J. Chem. Phys. 1939, 7 (10), 9191 925.
https://doi.org/10.1063/1.1750344.

Alder, B. J.; Wainwright, T. E. Phase Transition for a Hard Sphere System. J. Chem.
Phys. 1957, 27 (5), 1208i 1209. https://doi.org/10.1063/1.1743957.

Frenkel, D. Entropy-Driven Phase Transitions. Physica A 1999, 263, 26i 38.

Korgel, B. A.; Fullam, S.; Connolly, S.; Fitzmaurice, D. Assembly and Self-Organization of
Silver Nanocryst al Super | al RPhyscGham. B 1998d162 e d
(43), 8379i 8388. https://doi.org/10.1021/jp9815980.

Cheng, W.; Hartman, M. R.; Smilgies, D. M.; Long, R.; Campolongo, M. J.; Li, R.; Sekar,
K.; Hui, C. Y.; Luo, D. Probing in Real Time the Soft Crystallization of DNA-Capped
Nanoparticles. Angew. Chemie - Int. Ed. 2010, 49 (2), 3801 384.
https://doi.org/10.1002/anie.200904066.

Rabani, E.; Reichman, D. R.; Geissler, P. L.; Brus, L. E. Drying-Mediated Self-Assembly
of Nanoparticles. Nature 2003, 426 (6964), 2711 274. https://doi.org/10.1038/nature02087.

Lotito, V.; Zambelli, T. Approaches to Self-Assembly of Colloidal Monolayers: A Guide for
Nanotechnologists. Adv. Colloid Interface Sci. 2017, 246, 2171 274.
https://doi.org/10.1016/j.cis.2017.04.003.

Maillard, M.; Motte, L.; Ngo, A. T.; Pileni, M. P. Rings and Hexagons Made of
58

nSoft



(61)

(62)

(63)

(64)

Nanocrystals: A Marangoni Effect. J. Phys. Chem. B 2000, 104 (50), 118717 11877.
https://doi.org/10.1021/jp002605n.

Stowell, C.; Korgel, B. A. Self-Assembled Honeycomb Networks of Gold Nanocrystals.
Nano Lett. 2001, 1 (11), 595i 600. https://doi.org/10.1021/nl015601..

Dong, A.; Chen, J.; Oh, S. J.; Koh, W.-K.; Xiu, F.; Ye, X.; Ko, D.-K.; Wang, K. L.; Kagan,
C. R.; Murray, C. B. Multiscale Periodic Assembly of Striped Nanocrystal Superlattice
Films on a Liquid Surface. Nano Lett. 2011, 11, 84171 846.
https://doi.org/10.1021/nl1104208x.

Dimitrov, A. S.; Nagayama, K. Continuous Convective Assembling of Fine Particles into

Two-Dimensional Arrays on Solid Surfaces. Langmuir 1996, 12, 1303i 1311.

Ng, E. C. H.; Chin, K. M.; Wong, C. C. Controlling Inplane Orientation of a Monolayer
Colloidal Crystal by Meniscus Pinning. Langmuir 2011, 27 (6), 22441 2249.
https://doi.org/10.1021/la104265b.

59



CHAPTER 2
Highlighted Experimental Methods
21 Nanocrystal Self-Assembly at the Liquid-Air Interface

2.1.1 Introduction

While drop-casting a NC dispersion directly onto a solid substrate typically leads to
undesirable agglomeration and dewetting effects that impede high-quality monolayer formation, it
is possible to tailor this method very specifically to form extended, well-ordered NC monolayers. In
a carefully prepared dilute NC dispersion, the NCs tend to diffuse toward the liquid-air interface.
The addition of excess non-volatile ligand molecules to the NC solution can slow the evaporation
rate of the solvent so that a long-lasting wetting layer is maintained on a time scale that enables
high-quality superlattice formation. The slower evaporation permits the NCs to find their equilibrium
sites given sufficient mobility. However, if the evaporation occurs too slowly, NCs can diffuse away
from the liquid-air interface and form 3D superlattice structures within the droplet.? This means the
formation of a monolayer is kinetically dominated and requires a delicate balance between the
dynamics of NC motion and the equilibrium state structure. In the specific case of a monolayer
formed by drop-casting a dilute NC dispersion, solvent evaporation must be fast enough to
segregate NCs to the liquid-air interface, plus an attractive potential between the NCs and the
liquid-air interface must be present to maintain confinement at the interface.

Suppose the velocity of the receding interface upon solvent evaporation is faster than NC
diffusion. In that case, the NCs will impinge upon the liquid-air interface because the net flux of
solvent molecules and NCs is toward the interface. The NC flux is directly proportional to the NC
concentration, and islands of NC monolayers quickly nucleate at the liquid-air interface. The initial
growth rate is exponential, but the island growth rate quickly becomes linear as more NCs are
added to each domain.® Furthermore, excess free ligand molecules can enhance island nucleation
by lowering surface energy and may act as a surface lubricant that increases NC mobility for island
growth.13 Both a sufficient NC flux to the liquid-air interface and a high enough interfacial diffusion

length on the appropriate time scale are required for extended monolayer formation. In short, the
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early-stage nucleation of well-ordered NC monolayer islands is critical for subsequent monolayer
growth and coalescence. If the NC flux is too small or the interfacial diffusion length is too short,
then particle aggregates and discontinuous islands form instead, consistent with late-stage drying
and dewetting phenomena that commonly occur directly on a solid substrate.

NC assembly performed directly on a solid substrate is a complicated process that involves
kinetics of several drying effects influenced by various environmental factors and competing
energetic interfacial phenomena. However, NC assembly does not have to occur directly on a solid
substrate, but can be performed on a liquid subphase instead.* ¢ If the liquid subphase is heavier
and immiscible with the solvent used for the NC dispersion, the NC colloid will uniformly spread out
over the liquid surface. The NC assembly process is then strictly confined to the thin film which
forms at the liquid-air interface. One of the most significant advantages of performing NC assembly
on a liquid surface rather than a solid substrate is increased NC mobility in the late drying stages.
Increased surface mobility generally yields improved monolayer quality by enabling larger domain
sizes and improved order with lower defect densities.

The inherent decoupling of the assembly process from a solid surface in performing NC
assembly at a liquid-air interface also offers another advantage. After the assembly process is
completed, the NC film can be transferred to any arbitrary solid substrate. Such flexibility in film
transfer is an important aspect of integrating NC assembly into other processes and device
fabrication. The most appropriate method employed for film transfer may depend on the chosen
subphase and surface chemistry of the solid substrate. The film transfer process can induce defects
from dewetting or cause film buckling and folding from induced air currents and inherent stresses
during deposition. Therefore, the film transfer method also plays an important role. Multilayer NC
films can be quite robust, but monolayer NC films are especially fragile. We will walk through an
example of performing NC self-assembly at the liquid-air interface to form uniform, large-area NC

monolayer films with subsequent film transfer to a solid substrate.
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2.1.2 Experimental Approach

Before the assembly process, the prerequisite step is to prepare the desired NC colloidal
dispersion. The two most significant choices to make are 1) what solvent or solvent combination to
use and 2) what concentration to use. As previously discussed, evaporation-based assembly is a
kinetically dominated process. The state of the dispersion for a given set of environmental
conditions significantly affects the resulting assembly morphology and quality. Generally, we have
found that using a moderately dilute concentration (0.2-0.6 mg/mL), and a moderately volatile
solvent (e.g., toluene) works best to form a well-ordered monolayer continuous over the centimeter
length-scale. However, each system requires careful optimization to obtain the best results due to
differences in the NC material system, ligands, and particle morphology. Because the assembly
process is difficult to accurately simulate, this is a process that generally requires systematic trial-
and-error experiments to map out the optimal conditions. Evaporation-mediated self-assembly is
highly sensitive to changes in environmental conditions. Consequently, it is imperative that
optimization experiments that investigate parameters regarding the dispersion state hold constant
environmental conditions. Otherwise, the results could be convoluted with the environmental
changes.

It is common for a laboratory environment to experience changes in ambient conditions
seasonally and even daily. As such, we perform assembly experiments in an air-filled glovebox and
monitor the temperature (T), relative humidity (RH), and corresponding dew point (DP). It is best
practice to determine a reasonable target dew point (and the corresponding tolerance range) and
maintain this for all experiments by adjusting the temperature and relative humidity. The laboratory
in which we conduct assembly experiments usually has a relatively stable temperature. This means
adjusting the dew point only requires adjusting the relative humidity in the enclosure. If the RH is
too low, it can be increased by introducing a dish of water on a hot plate and using mild heating to
evaporate water molecules into the box environment. If RH is too high, introducing liquid nitrogen
that boils off in small dewers increases the Nz content in the box, which displaces water molecules
and decreases the overall RH. The box is designed so that it can naturally vent. It is best practice
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to stabilize the environmental conditions before proceeding with NC assembly. We have found a
reasonable choice for the dew point to be ~10°C (e.g., T = 22.5°C, RH = 45%)). It is best practice

to maintain the DP within 2°C of the target setpoint for reproducibility in NC assembly results.

(Langmuir-Schaefer)
/ Glass Cover
- L 1 g
NC Dispersion 1ol \  — —

Subphase # # #

lcm
]

Figure 2.1:0Overview of NC selssembly at a liquidir interface. (a) Crossectional schematic of tl
selfassembly process in a Teflon well and subsequent film transfer to a desired suhsétte
LangmuirSchaefer method. (b) Photo of the wells during the assembly process. Each well is
with a glass gfie and a 20 mL vial filled with water is placed on top. (c) Photo of the same wel
the assembly is complete with the vials removed. (d) A closer view of a single wedkpestbly wit
the glass slide removed. This is a monolayer assembly0f REs assembled on a DEG subphas

Figure 2.1(a) provides a schematic overview of the NC self-assembly process at a liquid-
air interface. We begin by filling a Teflon well with the desired liquid subphase. The subphase

should be chosen to be immiscible with the solvent(s) used for the NC dispersion. The NC
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dispersion is drop-cast in the center of the well onto the liquid subphase. Because the solvent and
subphase are immiscible, the NC dispersion spreads out evenly over the surface of the liquid
subphase until it contacts the sidewalls of the Teflon well. The well is covered as quickly as possible
(< 5 s) with a glass slide to significantly reduce the evaporation rate in the well. While the well is
covered by the smooth glass surface, there are still small microscale openings between the
surfaces of the Teflon and the glass slide which permit the gradual release of solvent molecules.
To ensure a better seal and reduce variation between separate wells, we place a small weight on
top of the glass slide. We use a 20 mL glass vial filled with water, as shown in Figure 2.1(b).

The NC self-assembly process occurs as the solvent slowly evaporates. It is essential to
note the volume of subphase placed into the well and the volume of the NC dispersion that is drop-
cast, as this affects the vapor state of the gaseous volume above the liquid surface and below the
glass slide. As solvent molecules evaporate, they form a specific vapor pressure in the gaseous
volume, quickly stabilizing after drop-casting until nearing the final drying stages. It is important to
maintain the same volume across experiments for both the liquid subphase and the dispensed NC
dispersion. Figure 2.1(c) shows four identical monolayer NC assemblies after all the solvent has
evaporated with the weight removed and the glass cover still present.

A close-up view of a single well post-assembly with the glass slide removed is shown in
Figure 2.1(d). An important variable in this assembly method is the wait time. If the glass slide is
removed before all the solvent has fully evaporated, the film will abruptly contract as the film is
exposed to the box environment and the residual solvent quickly evaporates. Premature removal
of the cover can lead to undesirable assembly quality. Figure 2.1(d) shows a uniform film that was
completely dry before removing the glass slide. It is best practice to wait an additional 10-20
minutes (depending on the solvent used) after removing the glass slide before proceeding with film
transfer. Exposing the film to the box environment for extra time allows any residual solvent
molecules to fully evaporate from the film, thus ensuring the NC assembly is in its final state.

A significant advantage of this assembly approach is that it permits film transfer to an
arbitrary substrate surface. While multilayer NC films can be remarkably robust, monolayers are
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significantly more fragile and are more prone to cracking and other defects from the transfer
process. While there are a variety of possible film transfer techniques, we have found using the
Langmuir-Schaefer method works best for transferring monolayers. Figure 2.1(a) shows that the
substrate surface is carefully lowered parallel to the liquid-air interface until gentle contact is made.
The substrate is then slowly lifted vertically away from the interface. It is common for some of the
liquid subphase to remain on the sample surface. We remove the bulk of the residual subphase
liquid by wicking it away with a clean wipe. There will still be residue of the subphase, so we dry
the sample under vacuum at 50°C for at least 3 hours.

An important note to make is that a significant amount of the NC material tends to migrate
to the sidewalls of the Teflon well where the initial thin film of the dispersion creates an interface
with both the liquid subphase and the solid Teflon wall. In working with moderately dilute
concentrations required for monolayer formation, this migration can be more than 50% of the NC
material in the dispersion. This material loss marks an important consideration when investigating
the optimal concentration and volume of the NC dispersion. Another important consideration is the
relative size of the substrate to the well. Depending on the surface tension of the chosen subphase,
its chemical nature, and the interaction with the Teflon sidewalls, there will be a specific wetting
angle at the solid-liquid-air interface. This can lead to considerable edge effects that affect the
assembly quality of the film. To avoid such edge effects on the film transferred to the substrate, it
is important to design the well area large enough such that the perimeter of the substrate is far
enough away from the well periphery. For example, we use a 2.25 cm x 2.25 cm well area to
perform film transfer onto a 1 cm x 1 cm substrate.

While this assembly method offers versatility for film transfer to arbitrary substrates, the
surface state of the substrate is an important consideration for successful film transfer. Consider a
substrate which is Si or SiO2. The surface of SiO2 is hydrophilic, and the native oxide on a Si
substrate also tends to make the surface hydrophilic. However, the FesOs NCs used in Figure 2.1
are functionalized with hydrophobic organic ligands. Many commonly used ligand systems are
hydrophobic. This mismatch can lead to poor-quality film transfer to the substrate surface. In this
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example, we make the surface of the Si or SiO2 hydrophobic to promote good film transfer by
functionalizing the surface with silane molecules. A variety of silane chemicals can be used to
induce hydrophobicity, and the molecular structure can be chosen to tailor to specific needs for

functionalization.

Figure 2.2:Photographs of the setup for solutidrased silanization of substrat
A covered glass dishith the silane solution and sample is placed in a be
along with an environmental monitor that measures temperature, reli
humidity, and corresponding dew point. The bell jar is covered, and a dry .
is placed to the jar inlet from the fumeood, the flow of which can be manui
tuned using a flow gauge to adjust the RH. (a) Overview of the setup. (b) £
view of the interior of the covered system. (c) An uncovered view sihgle
sample with the silane solution being stirred.

We have developed a generalized approach to solution-based silanization. Samples are
cleaned using bath sonication at high power in acetone, ethanol, and isopropyl alcohol,
sequentially, each for 5 minutes. The desired silane chemical is stored inside a nitrogen-filled glove
box. Inside the glove box, 40 mL of anhydrous hexane is added to a glass jar, followed by dropwise
addition of 100 eL of the desired silane to
hexane. The solution is vigorously mixed for 10 minutes. A bell jar is placed over a stir plate with a

glass dish inside in a fume hood. The substrates are added to the glass dish, followed by the
66
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addition of the silane solution. Typically, several substrates are functionalized at the same time. A
stir bar is used to stir the solution at a moderate rate, and the dish is covered. A humidity sensor is
placed on top of the covered dish, and the bell jar is covered. Best results are obtained when the
relative humidity level is between 15-30%. A line for dry air is connected to the bell jar inlet, the
flow is tuned to adjust the relative humidity level in the bell jar accordingly, and the solution is stirred
over the samples for 3 minutes. Figure 2.2 shows some photographs of this setup for a single
sample; however multiple samples can be processed in parallel. After 3 minutes, the substrates
are removed and rinsed with chloroform, then placed into a fresh chloroform solution and sonicated
in a bath sonicator at a medium level for at least 5 minutes to remove excess silane molecules not
bound to the substrate surface. The substrate is rinsed once more with fresh chloroform and blown
dry using a nitrogen gun. The substrates are now ready for NC monolayer deposition by transferring
the film from the liquid-air interface to the substrate using the Langmuir-Schaefer method as
previously described.

Figure 2.3(a) shows a droplet of DI water placed onto the surface of a Si substrate
functionalized with octadecyltrichlorosilane (ODTS). The high contact angle of the water droplet
indicates the surface is now hydrophobic. Figure 2.3(b) shows an image ofa 1 cm 1 cm Si
substrate with a highly uniform monolayer assembly of FesO4 NCs. The film was self-assembled at
the liquid-air interface and transferred to the substrate using the Langmuir-Schaefer method as
previously described. Figure 2.3(c) provides a cross-sectional schematic description of the sample
morphology. A corona of hydrophobic oleate ligands surrounds the inorganic FezOs NC core. These
ligands interact with the ligands of neighboring particles in the monolayer to form a stabilized NC
film. The bulk Si substrate surface is functionalized with a monolayer of ODTS molecules which
make the surface hydrophobic. When the functionalized substrate surface contacts the NC film,

there is an energetic driving force between the oleate ligands and the silane molecules, promoting
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the film's adhesion to the substrate. It is more energetically favorable for the NC film to adhere to

the substrate surface than remain on the surface of the liquid subphase.
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Figure2.3: (a) Photgraphsof a Si substrate which has been functionalized with ODTS. A dropl¢
water has been placed oothe substrate to illustrate the hydrophobic nature of the substrate sui
evidenced by the high contact angle of the droplet. (image of a Si substrate with a unifol
monolayer assembly of @ NCs. The NC film was assembled at a kgirithterface and transferre
to the substrate using the LangmiBichaefer method as illustrated in Fig@d. (c) Crossectiona
schematic of a monolayer E&-OANC assembly. The inorganiBeNC cors are surrounded by
corona of oleic acid ligandandthe substrate is functionalized with a monolayer of ODTS molec

Figure 2.4 shows SEM images of a close-packed monolayer assembly of FesO4 NCs with
a G2 dendrimer ligand on a bulk Si substrate functionalized with ODTS. The assembly was

conducted using a Teflon well with a size of 2.25cm 2.25cm  1.00 cm. 3.2 mL of diethylene
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glycol (DEG) was placed into the well to serve as the liquid subphase. The Fes04-G2 NC dispersion
was brought to a concentration of 0.4 mg/ -oakt
onto the surface of the DEG. The well was fully covered with both a glass slide and a glass vial
filled with 20 mL of water for 2 hrs. The box environmentwas T = 21.2°C, RH = 45.4%, DP = 9.0°C.
The glass slide was carefully removed, and the film was left to sit uncovered for 15 minutes to
ensure full drying and film stability. The NC monolayer was carefully transferred to the Si substrate
using the Langmuir-Schaefer method. After film transfer, excess DEG was removed from the
surface by wicking with a wipe, and the substrate was dried under vacuum while being heated to

~50°C for at least 3 hours to remove residual DEG.

Figure2.4: Topdown SEM images of a monolayer assembly ¢DF&2NCs transferred to a bull
Si substrate functionalized with ODTS.

2.2 Template-Assisted Nanocrystal Assembly

2.2.1 Introduction

The discussion of NC self-assembly thus far has been concerned with closely spaced
particles that crystallize into ordered lattices over a continuous film. While large-area, high-density
feature arrays may be desirable for some applications, the ability to fabricate a single feature or a
cluster of features at the nanoscale with site-specificity in a designed manner is crucial for many
device applications. Therefore, it is necessary to have the ability to pattern NCs with precision in

any arbitrary pattern for device fabrication and integration. The template-assisted assembly
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approach has been used to place micro- and nanoscale particles with site specificity into user-
defined patterns, either directly or indirectly, onto a desired solid substrate.” 32 While approaches
using external fields or chemical patterns have been explored, the most widely implemented and

successful programmable assembly method employs a topographically patterned surface in which

capillary forces drive particles int-divisisngsamdi f i c

variations in implementing the topographic approach. A commonly employed strategy that we will
discuss is direct assembly onto a desired substrate with subsequent resist liftoff, which removes

any remaining particles from areas they are not desired.

2.2.2 Experimental Approach

Topographic fitrapo sites are |lithographically

template pattern into which the NCs are assembled, as shown in Figure 2.5(a). After the NCs are
assembled into the trap sites, resist liftoff is performed to reveal a cleanly patterned substrate with
the designed NC array, as shown in Figure 2.5(b). A small volume of the desired NC dispersion is
confined in a small space between the patterned substrate below and another physical barrier
above. Figure 2.5(c-d) depicts two variationsd one with a glass slide parallel to the substrate and
another with a flexible PDMS squeegee. The NC dispersion creates a three-phase contact line
between the vapor, liquid dispersion, and the solid substrate referred to as the meniscus. As
illustrated in Figure 2.5(a), the glass slide is translated at a controlled velocity relative to the
patterned substrate to sweep the meniscus across the sample surface. Because the solvent
evaporation rate is higher at the meniscus is than in the bulk solution, there is convective NC flux
from the bulk toward the meniscus. Consequently, particle flux to the meniscus induces a local
increase in NC concentration near the meniscus known as the accumulation zone, which has a
concentration much higher than the initial concentration in the bulk solution. The state of the
accumulation zone can be tuned by controlling the temperature of the substrate and solvent in
conjunction with the translational velocity of the meniscus and the environmental conditions.

Optimization of the accumulation zone is necessary for achieving a high assembly yield.
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Figure2.5: Description othe template-assisted NC assembly method. (a) Ceesgional schematic
the assembly setup. The magnified vieepictsthe capillary force @ driving the NCs toward tl
substrate which are confined to the trap site after the meniscus depins. (b) Résibtreveals i
cleanly patterned substrate surface patterned with NC clusters only where the trap sites are pat
(c-d) Sideview images of the assembly process using a (c) glass slide or a (d) PDMS squeegee
over the patterned substrateroa temperaturecontrolled stage.
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The long-range driving force of convective flow based on solvent evaporation creates a
viscous drag force that transports NCs from the bulk toward the meniscus to create the higher
concentration accumulation zone that readily supplies NCs near the trap sites. The shorter-range
driving force in the template-assisted assembly method is the local capillary force (F¢), as
highlighted in the magnified inset in Figure 2.5(a). The length scale over which the capillary force
acts is much larger than the particle size, so it dominates over other interparticle interactions.®
Furthermore, the capillary force is independent of the nature of the particles, meaning this assembly
method can be used for NCs of all material types and morphologies.

Each trap site acts as a local energy well where the meniscus becomes pinned, forcing NCs
into the trap due to the capillary force. After the meniscus depins from the trap site the NCs remain
in the patterned trap locations due to their physical confinement. There is vast flexibility in tailoring
the trap morphology in conjunction with the NC morphology to achieve deterministic patterning. For
example, a trap can be designed to permit only a single NC32 or to hold several NCs to form either
a cluster’>2% or a continuous line of particles?223, The shape of the trap can also be tailored to
influence the NC packing morphology.2>3! Furthermore, sequential depositions may be performed
to pattern different NC materials in a deterministic manner to achieve a combination of materials in
a predetermined order.!* Traps can also be strategically designed to induce certain particle
orientations, which can be important and useful for anisotropic NC morphologies.¢

Most demonstrations of topographic template-assisted NC assembly over the last decade
have used aqueous dispersions. Furthermore, most research efforts which employ this method
have focused on placing a single particle in a single trap site and utilized particle sizes greater than
40 nm. There have been several demonstrations which have assembled clusters of NCs, but most
have been limited to assembly of only a few to less than ~15 particles. Some work has been done
to fill larger trap spaces with many particles, but such demonstrations thus far have been limited to
aqueous dispersions of Au NCs. A significant portion of the NC library utilizes ligand systems which

are dispersed in organic phase solvents rather than in water. We present a patterning
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demonstration which places hundreds of 10 nm FezO4 NCs in a single trap site using an organic
solvent.

Figure 2.6 presents a topographically patterned substrate fabricated by nanoimprint
lithography (NIL) which we will use for template-assisted NC assembly. One of the strengths of NIL
is its high-throughput nature, where an array of features can be patterned over macroscopic length-
scales at the wafer level. Figure 2.6(a) shows an image of a 4-inch wafer. The iridescent square in
the center of the wafer is the footprint of the patterned region. The observed optical effect is due to
diffraction effects of visible light due to the length scale of the patterned feature array. Nanonex
thermal resist (NXR-1025) at 7 wt% in anisole is spin coated at 500 rpm for 5 seconds followed by
4000 rpm for 60 s, then soft baked at 155°C for 3 min. The patterned imprint stamp, which is made
of PDMS, is carefully placed onto the surface of the resist. A Nanonex imprint tool is used to imprint
the soft PDMS stamp in the resist. The chamber is evacuated for 30 s, the pre-imprint is set to
140°C and 0 PSI, then the imprint is performed at 140°C and 100 PSI for 5 min. The cooling and
vent step is performed at 40°C. A CCP RIE system is used to perform a descum to remove residual
resist using O2 @ 100 sccm, 150 W, 40 mTorr, for 10 seconds. Figure 2.6(b) shows a low
magnification SEM image of the patterned resist, and a higher magnification SEM image is shown
in Figure 2.6(c). Figure 2.6(d) presents an atomic force microscope (AFM) height image of the
patterned surface after the Oz descum. Characterization by SEM and AFM reveals the patterned
surface is highly uniform and consists of 300 nm circular holes in a square array with a 625 nm
pitch. The AFM data show the resist height is ~ 80 nm; however this thickness is further reduced

to ~20 nm using another Oz plasma etch prior to NC assembly.
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The topographic template presented in Figure 2.6 is used to perform template-assisted
assembly of 10 nm FesO4 NCs as shown in Figure 2.7. We found using octane as the organic
solvent yielded the best results due to its evaporation rate given the chosen environmental
conditions. The temperature-controlled stage allows us to adjust the substrate/solution temperature
to change the dew point for a given humidity level. We use the PDMS squeegee method at a dew
point of 10.6°C (RH=433%, T = 23. 8AC) . We di s g0e NGdispesibnacal of t h e
concentration of 2.0 mg/mL in octane between the substrate and PDMS squeegee. The meniscus
is then translated across the sample surface at a

resist liftoff in acetone. Figure 2.7 shows SEM images of assembled FesO4 NC clusters on a Si
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substrate after resist liftoff using the template presented in Figure 2.6. The four SEM images in
Figure 2.7 show increasing magnification and reveal the uniformity of the NC assembly at different
length scales. The NC surface is patterned over the centimeter length scale with 300 nm circular
clusters comprised of hundreds of 10 nm FesO4 NCs, highlighting the power of the template-

assisted assembly approach for creating hierarchical structures.

Figure2.7: SEM imageat various magnificationsf FeO»-OANC clusters on a Si substrate mad
template-assisted NC assembly after resist liftoff using the tempthteacterizedn Figure2.6.
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2.3 Design of Experiments Approach for Dry Etch Optimization
2.3.1 Introduction

The previous two sections in this chapter have focused on two specific approaches for NC
assembly, which we consider a type of patterning. A significant aspect of the research presented
in this dissertation focuses on using NC patterns for subsequent pattern transfer into a desired
substrate material. The dry etch process serves as the main step in pattern transfer. There are
many considerations for dry etching that involve careful planning for the correct combination of
materials and etch chemistry employed. Furthermore, there are several engineering parameters
for the etch process that significantly influence the resulting outcome of the etch. Many measurable
outcomes such as the resulting etch rate, etch profile, surface roughness, and etch selectivity can
be influenced by several engineering parameters simultaneously. Investigating the effects of the
numerous etch parameters on several measurable outcomes can be a highly complex and time-
consuming challenge. Consequently, we employ a design of experiments (DOE) approach to
formulate and optimize a dry etch recipe practically and efficiently. In practice, each sample
morphology, material stack, and etch chemistry requires an optimization investigation. We will walk
through one example of a DOE approach used to optimize Clz>-based etching using ICP RIE.

Cl>-based etching is an inhibitor-based dry etch chemistry (as previously discussed in
Section 1.2.2.3) that is commonly used to etch materials such as Si, Al, GaAs, and many other
materials. Simple chemical adsorption is typically not enough to etch the substrate material, as the
chloride byproduct requires additional energy from the physical bombardment of ions to proceed
with desorption and etching. Therefore, it is common in Clz2-based dry etching to add Ar in the
mixture to increase the ion population. To investigate the settings for Cl2 etching, we used a DOE
approach based on a Taguchi method. Genichi Taguchi was a Japanese engineer who proposed
several approaches to experimental designs in the second half of the 20t century, which are now

commonly referred to¥#%s fAiTaguchi methods. o
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2.3.2 Experimental Approach

We use ICP RIE for the Clz-based etching process and identify the four most important
input variables for the etching procedure: ICP power, HF power, Ar content, and pressure. We then
choose the number of levels we would like to test, where the interval is the same between each
level for a respective input variable. We choose the starting values and corresponding intervals to
be relatively broad to map out the experimental space more fully. If we choose four input variables
to test, and three levels in each, this experimental design leads to a factorial experimental matrix
of 34 = 81 independent experiments. For most fabrication processes, the characterization required
after processing would cost too much and take too long for this experimental matrix to be a practical
option. However, the power of the Taguchi method is that you can create an orthogonal array that
is linear to reduce this experimental matrix to a narrower set of experiments, which will still yield
enough information for statistical analysis. Our example uses four parameters and three levels.
This case is referred to as a Taguchi L9 DOE because the full experimental matrix is reduced from
81 experiments to only nine experiments that still provide insightful data about the entire
experimental space.3>36 Table 2.1 presents a generalized form of the inputs to test for four
parameters and three levels. Using these inputs, the full experimental matrix of 81 combinations is

reduced to the L9 array presented in Table 2.2.

Table 2.1: The generalized input form for an experimel
which consists of four parameters-@ and three levels
(1-3).

Level A B C D
A1 B1 C1 D1

1|
BFE A2 B2 C2 D2
3

A3 B3 C3 D3
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Table 2.2: The generalized formulation of the reduce
experimental matrix for a Taguchi L9 D@y which
consists of four parameters {B) and three levels ¢B).

Run A B C D

B A1 B1 C1 D
IF3 A1 B2 C2 D2
BEM A1 B3 C3 D3
B A2 B1 C2 D3
I3 A2 B2 C3 D1
B A2 B3 C1 D2
B3 A3 B1 C3 D2
B A3 B2 C1 D3
B A3 B3 C2 Df

The first round of experiments should have wider interval choices for each parameter to
test a broader range of the experimental space. Table 2.3 summarizes the chosen input variables
for the first round of experiments which is referred to as DOE-1. Table 2.4 summarizes the
corresponding experimental conditions for DOE-1 for experiments 1.1 7 1.9 based on the Taguchi
L9 approach. The major goals of the first experimental round (DOE-1) are to better understand the
general trends in the measured outcomes, and to narrow down the intervals and quantitative values
for subsequent experiments. The sample morphology used for DOE-1 is described in Figure 2.8.
Photolithography was used to create line-space patterns downt o 2 & m. The patternec
used to transfer the same line-space pattern into a layer of SiOz, then the resist layer was stripped.
The patterned SiO2 layer acts as a high selectivity etch mask to investigate the Clz-based etch
chemistry for etching Si. The Cl2 chemistry will not etch the SiO2 mask, and HF can be used to

remove the SiO2 mask without affecting the underlying patterned Si substrate.
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Table 2.3:Summary ofthe four experimental parameters
for Ch-based ICP RIE and the input choilmgsa Taguchi 3
level DOE ). This represents the DElENputs.

Level ICP Power HF Power Ar Content Pressure
W W % mTorr

BEEE 500 15 0 5
B 750 30 20 12
ERE 1000 45 40 19

Table 2.4:Summary of the reduced experimental matr
used to conduct DOE based on the TagucHi method.

Run ICP Power HF Power ArContent Pressure

W W % mTorr
[ 1.1 ) 15 0 5
EFE 500 30 20 12
[ 1.3 | 500 45 40 19
[ 1.4 | 750 15 20 19
EFEE 750 30 40 5
[ 1.6 | 750 45 0 12
1000 15 40 12
XS 1000 30 0 19
| 1.9 T} 45 20 5

SiOz2was deposited using plasma-enhanced chemical vapor deposition (PECVD) at 350°C,
with silane (90% He) @ 85 sccm, N2O @ 710 sccm, 1000 mTorr, and 20 W. This recipe yields a
deposition rate of ~58 nm/min. 96 nm was deposited over 100 seconds. Surpass 4k was spin-
coated on the SiO2 surface at 3500 rpm for 45 s and rinsed with isopropyl alcohol in the last 15
seconds. SPR220-3 resist was then spin-coated at 5000 rpm for 60 s, then baked at 115°C for 90
s. The resist was exposed using a laser direct-write system (Heidelberg DWL 66+) with a 2 mm
write head, 190 mW, 50% intensity, a 1% filter, 60% focus, and dose equal to 1. After exposure,
10 minutes was allowed to pass, then resist was developed in MF26A for 60 seconds and rinsed
with DI water. The sample was then baked at 115°C for 60 seconds. A descum was employed
using a capacitively coupled plasma (CCP) RIE system (Oxford Plasmalab 80 Plus) with O @ 20
sccm, 40 mTorr, 100 W, and 60 seconds. An optical image of the patterned resist is shown in Figure
2.8(a). The SiO2 hard mask layer was then etched using the CCP system with CF4 @ 20 sccm, 25

mTorr, 150 W, for 180 seconds. Nine samples were used for DOE-1 for Si etching according to
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Table 2.4 with a 20 second etch duration at 10°C. After the dry etch, the SiO2 mask was removed

by wet etching in 49% HF for 5 minutes before sample characterization.

(a)

Figure 2.8: Sample morphology used for DQE(a) Optical image of the sample pesiposure
and developf the resistwhich consists of microscale lispace patterns down to 2m. (b) Cross
sectional schematic of the material stack usedabricate the microscale lingpace patterns in
silicon. A photoresist is used to pattern a layer oh,8iflich serves as the etch mask for patte
transfer into Si.

(b)
BN BLLLLLI mEmmnEm:

Si0, Mask ‘
| B N B BN N | B N R NN
- -
Si Sio, SPR220-3
[} O

After the samples have been processed, as illustrated in Figure 2.8(b), the next step is to
characterize some measurable outputs of interest. For simplicity, let us consider only two outputs
which we measure using AFM in tapping mode: 1) etch depth and 2) surface roughness (Rg) in the
etched trench. For each run in DOE-1, we make four measurements at different locations on the
sample for the respective output. Each of these four measurements results from a line cut taken
perpendicular to the trench orientation and averaged over 100 pixels. The reported mean and
standard deviation (0) ar e aYeé)rforsash run.iee ofitputurasultsne a s ur e n
presented in Table 2.5 are used to create marginal means plots for each input parameter, as shown
in Figure 2.9.

Since there are four input variables (A-D), there are four plots for each output
measurement: etch depth and Rq in the present example. Given the experimental matrix
implemented for DOE-1, each data point in each marginal means plot represents the mean of three
output measurements. For example, if we take the data point for an HF power of 15 W on the etch

depth plot in Figure 2.9(a), three samples had HF power setto 15 W (1.1, 1.4, and 1.7). That single
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data point is the mean of the etch depth for those three samples, and the error bar represents the
standard deviation based on those three mean measurements. Many of the data points have large
error bars. This is common for a first-round DOE because the chosen intervals are large, leading
to significant differences in the measured outputs. A large standard deviation also indicates that
more than one of the input variables likely has a considerable effect on the given output for the

chosen quantitative intervals.

Table 2.5Summary of theutputs 1) etch depth and?) R, measured byAFM characterization
and the corresponding mean and standard deviation for each run inRIDOE

Etch Depth (nm) L Rpm

Y1 Y2 ¥3 Y4 [Mean o© Yr y2 Y3 Y4 Mean o

347 352 347 344 3475 033 5509 5622 7229 6795 628.88  85.50
224 220 21.8 220/ 2205 0.25| 103.7 1320 136.8 120.1 | 123.15 14.75
198 194 195 19.7| 1960 018 903 811 772 774 8150 6.3
173 174 175 17.6| 1745 013 672 551 569 615 60.18  5.40
64.9 654 658 67.2| 6583 089 687.7 7213 6158 4143 609.78 137.55
26.2 264 266 259| 2628 030 417.0 5303 5047 430.0 47050  55.52
219 217 216 21.9| 2178 015 1404 1765 173.8 1548 16138  16.99
202 200 203 202| 2018 043 682 684 705 777 7120  4.46
BEN 806 897 89.8 0900|8978 047 | 968 894 739 788 8473 1033
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Figure2.9: Marginal means plots for each of the four input parameters (ICP Power, HF Po
Content, and Pressure) for the outputs of (a) etch depth and (b) surface roughggdsaged on th
data presented in Tabl25.
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Pareto analysis was performed on the output measurements to understand more about
each input parameter's relative significance on the respective output measurement as shown in
Figure 2.10. For etch depth, which is effectively a measure of etch rate, we see that pressure is the
most influential parameter. HF power and ICP power are moderately influential and similar, and the
Ar content is the least significant. For surface roughness, pressure is also the most significant
parameter. However, ICP power is the second most influential, followed by Ar content, and finally
HF power, which has the least significant influence for Rq. Given these results, we must now
reevaluate the input parameters for the next round of experiments for DOE-2.

The results presented in Figure 2.10 reveal pressure is the most important factor for both
etch rate and surface roughness. Pressure dictates the mean free path of molecules in the etch
chamber. Therefore, pressure has a significant influence on molecular motion and the etch profile.
Based on the results from DOE-1, a higher pressure tends to lead to a lower roughness. While the
etch rate is lower with higher pressure, it has a low standard deviation on the marginal means plot,
and we are not necessarily concerned with a high etch rate since we are aiming for a relatively
small etch depth. Higher ICP power leads to a higher etch rate due to increased ion population.
While there are considerable error bars in etch depth for higher ICP power, we are not highly
concerned with this and are more concerned with the fact that a higher ICP power yields a low Rq
with a small error. HF power is not as important for either output. Increased HF power leads to a
slightly increased etch rate and a slightly decreased surface roughness. However, HF power does
dictate the overall ion energy distribution, which is important when considering NC mask erosion.
The highest power case for experiment 1.9 could lead to undesirable sputtering, especially for NC
masks, meaning we need to be at least below that threshold. The Ar content is least important for
the etch rate but is moderately significant for surface roughness. 20% Ar yielded the smallest mean

Rq with the smallest error, meaning the Ar ion-assisted process is necessary for uniformity. With
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all these effects in mind, we determine the experimental procedure for DOE-2 as summarized by

Table 2.6 and Table 2.7.

Etch Depth

Coeff

Pressure (D) HF Power (B) ICP Power (A) Ar Content (C)

Surface Roughness {R

200
180
160

140

Coeff
=
=
=

Pressure (D) ICP Power (A) Ar Content (C) HF Power (B)

Figure 2.10Summary of the Pareto analysis performed for the data from-D@fBict
shows the coefficiet, or relative significance of the influendeom each input paramett
on the respective output measurementetch depth and surface roughnesg)R
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Table 2.6:Summary of four experimental parameters fi
Cb-based ICP RIE and the input choices for a TagtlehieB
DOE (). This represents thBOE2 inputs.

Level ICP Power HF Power Ar Content Pressure
W W % mTorr

BERE 1000 20 0 10
B 1100 25 10 15
BEE 1200 30 20 20

Table 2.7:Summary of the reduced experimental matr
used to conduct DOE based on the TagucHiinethod.

Run ICP Power HF Power Ar Content Pressure

W W % mTorr
| 2.1 T 20 0 10
[ 2.2 RN 25 10 15
FEE 1000 30 20 20
[ 2.4 IEEEI) 20 10 20
X 1100 25 20 10
| 2.6 IEEEEL] 30 0 15
1200 20 20 15
Xl 1200 25 0 20
Xy 1200 30 10 10

In DOE-1, we fabricated and characterized microscale features. This works well for early-
stage investigation of a new etch chemistry. As feature size is scaled down to the nanoscale,
however, some aspects such as etch rate or etch profile can be different from what is observed for
larger features due to increased confinement, which can affect molecular transport. In DOE-2, we
fabricate nanoscale features using nanoimprint lithography (NIL). Figure 2.11(a) shows a top-down

SEM image of the silicon master stamp used for the imprint, which consists of an array of discrete

lines with a I ength of 1 em and a width of 100

Figure 2.11(b) shows a cross-sectional schematic of the NIL process and subsequent
pattern transfer using Clz-based ICP RIE. Nanonex thermal resist (NXR-1025) at 7 wt% in anisole
is spin-coated on a clean Si substrate at 2250 rpm for 60 seconds, then baked at 155°C for 3
minutes, leading to a thickness of ~206 nm. A Nanonex imprint tool is used to imprint the hard Si
stamp in the resist. The chamber is evacuated for 3 minutes; the pre-imprint is set to 133°C and

120 PSI, then the imprint is performed at 133°C and 350 PSI for 5 minutes and 30 seconds. The
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cooling and vent step is performed at 55°C. A CCP RIE system is used to perform a descum using
O2 @ 100 sccm, 150 W, 40 mTorr, for 10 seconds. Nine samples are then used for DOE-2 to

understand further and optimize the Cl.-based etch recipe.

(a) (b) Imprint
—
‘ Descum
Cl, Etch 175 nm
70nm+------ .......
<=
‘ ‘ Liftoff & Descum Si NXR-1025
|
&
(nm)
60.0
(c) (d) (om)

0.0
3007 456 nm
200 200
10.0

0.0°
60.0
97.6 nm
50.0
40.0
30.0 60.5 nm

100 200

100 47.0 nm

0.0 0.0
0.0 100 200 300

(nm)

Figure 2.11Nanoimprint lithographyNIL)and pattern transfer used to investigate DQE(a) SEI
image of the master Si hard stamp used for imprinting. (b) &estonal schematic of the NIL proc
and pattern transfer into Si. (c) AFM height image of the patterned Si sample 2.1 after pedtesfer
liftoff, and descum. (d) Higher magnification AFM height image of sample 2.1 indicating an ¢
measurement on a single trench. The corresponding trench profile on the right shows measui
of the etch profile.

Figure 2.11(c) shows an AFM height image of the Si surface after pattern transfer, liftoff,
and descum for sample 2.1, with discretely patterned trenches. A higher magnification of a single
trench from sample 2.1 is shown in Figure 2.11(d). The corresponding trench profile is plotted to
the right to show relevant profile measurements. These data offer the ability to calculate the
sidewall slope of the trench. This characterization and analysis were performed on all samples for
DOE-2. Figure 2.12 provides a representative AFM height image for samples 2.1-2.9. Each sample

was analyzed using AFM to investigate three output measurements: 1) etch depth, 2) surface
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roughness in the trench (Rq), and 3) sidewall slope. Furthermore, we want the resulting Vdc
(monitored by the etch tool) to be moderate since undesirable sputtering can occur if the bias is too

high. The data analysis process for DOE-2 is essentially the same as was presented for DOE-1.

(nm) (nm) (nm)
7.7 8.7 41.9
2.1 2.2
0.0
0.0 30.0

20.0
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Figure2.12 AFM height imagesf samples 2.2.9 used to investigate D&@E These images are of
the patterned Si surface after pattern transfer, liftoff, aBddescum.Scale bars are 200 nm.
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Figure 2.13Marginal means plots for each of the four input parameters (ICP Power, HF Po
Content, and Pressure) for the outputs of (a) etch depth and (b) sidewall felop©OE2.
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Figure 2.14Marginal means plots for each of the four input parameters (ICP Power, HF Po
Content, and Pressure) for the outputs of (a) surface roughnejsui (b) \ for DOE2.
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Figure 2.13 summarizes the marginal means plots for etch depth and sidewall slope, and
Figure 2.14 summarizes the marginal means plots for roughness and V.. For the sake of
conciseness, we will not explicitly walk through each part of the data for DOE-2 but will highlight
the goals of the analysis. To maintain high-fidelity pattern transfer, we are most interested in a
vertical sidewall, low roughness, a reasonable etch rate, and a moderate V4. The data analysis led
to the following etch conditions for Clz-based ICP RIE, which are generally considered an optimal

starting point given the listed goals:

SiO; Etch: BCIs/Cl2/Ar @ 5/20/10 sccm, 1000 W (ICP), 50 W (HF), 10 mTorr, 10°C, 10 s

Si Etch: Cl2/Ar @ 45/5 sccm, 1100 W (ICP), 25 W (HF), 10 mTorr, 10°C

It is important to note two major points: 1) Clz alone will not SiOz, so we introduce a brief
native oxide etch immediately following the nominal Si etch. 2) This recipe is meant to serve as a
starting point for pattern transfer of nanoscale features into Si using Cl2 ICP RIE. Further
optimization may be necessary for the specific sample morphology. While DOE-2 utilized samples
with a critical dimension of ~100 nm, it is possible further adjustments may be needed for smaller
feature sizes. A major aspect of this thesis is achieving discrete pattern transfer with NC assemblies
where the spacing is below 10 nm. Etching in such a confined space may require further
adjustments to the etch parameters to compensate for impeded molecular transport. It is also
important to note that this section served as a walk-through example of applying the Taguchi DOE
approach for process optimization. This example specifically investigated using Cl2 chemistry in
ICP RIE to etch silicon. Using other etch chemistries or substrate materials typically requires their

own DOE process optimization investigation.

2.4 References

(2) Lin, X. M.; Jaeger, H. M.; Sorensen, C. M.; Klabunde, K. J. Formation of Long-Range-
Ordered Nanocrystal Superlattices on Silicon Nitride Substrates. J. Phys. Chem. B 2001,
105, 33531 3357. https://doi.org/10.1021/jp0102062.

90



(2)

(3)

(4)

()

(6)

(7)

(8)

(9)

(10)

(11)

Narayanan, S.; Wang, J.; Lin, X. M. Dynamical Self-Assembly of Nanocrystal
Superlattices during Colloidal Droplet Evaporation by in Situ Small Angle x-Ray
Scattering. Phys. Rev. Lett. 2004, 93 (13), 135503.
https://doi.org/10.1103/PhysRevLett.93.135503.

Bigioni, T. P.; Lin, X. M.; Nguyen, T. T.; Corwin, E. |.; Witten, T. A.; Jaeger, H. M.
Kinetically Driven Self Assembly of Highly Ordered Nanoparticle Monolayers. Nat. Mater.
2006, 5 (4), 2651 270. https://doi.org/10.1038/nmat1611.

Dong, A.; Chen, J.; Vora, P. M.; Kikkawa, J. M.; Murray, C. B. Binary Nanocrystal
Superlattice Membranes Self-Assembled at the Liquid-Air Interface. Nature 2010, 466,
4747 477. https://doi.org/10.1038/nature09188.

Dong, A.; Ye, X.; Chen, J.; Murray, C. B. Two-Dimensional Binary and Ternary
Nanocrystal Superlattices: The Case of Monolayers and Bilayers. Nano Lett. 2011, 11 (4),
18041 1809. https://doi.org/10.1021/nl200468p.

Wen, T.; Majetich, S. A. Ultra-Large-Area Self-Assembled Monolayers of Nanopatrticles.
ACS Nano 2011, 5 (11), 8868i 8876. https://doi.org/10.1021/nn2037048.

Yin, Y.; Lu, Y.; Gates, B.; Xia, Y. Template-Assisted Self-Assembly: A Practical Route to
Complex Aggregates of Monodispersed Colloids with Well-Defined Sizes, Shapes, and
Structures. J. Am. Chem. Soc. 2001, 123, 87181 8729. https://doi.org/10.1021/ja011048uv.

Cui, Y.; Bjork, M. T.; Liddle, J. A.; Sonnichsen, C.; Boussert, B.; Alivisatos, A. P.
Integration of Colloidal Nanocrystals into Lithographically Patterned Devices. Nano Lett.
2004, 4 (6), 1093i 1098. https://doi.org/10.1021/nl049488i.

Ni, S.; Leemann, J.; Wolf, H.; Isa, L. Insights into Mechanisms of Capillary Assembly.
Faraday Discuss. 2015, 181, 225i 242. https://doi.org/10.1039/c4fd00250d.

Hughes, R. A.; Menumerov, E.; Neretina, S.; When Lithography Meets Self-Assembly: A
Review of Recent Advances in the Directed Assembly of Complex Metal Nanostructures
on Planar and Textured Surfaces. Nanotechnology. 2017, 28, 282002.

Asbahi, M.; Wang, F.; Dong, Z.; Yang, J. K. W.; Chong, K. S. L. Directed Self-Assembly of
Sub-10 Nm Particle Clusters Using Topographical Templates. Nanotechnology. 2016, 27

424001.
91



(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

Chen, Y.; Li, Z.; Xiang, Q.; Wang, Y.; Zhang, Z.; Duan, H. Reliable Fabrication of
Plasmonic Nanostructures without an Adhesion Layer Using Dry Lift-off. Nanotechnology.
2015, 26, 405301.

Saavedra, H. M.; Mullen, T. J.; Zhang, P.; Dewey, D. C.; Claridge, S. A.; Weiss, P. S.
Hybrid Strategies in Nanolithography. Rep. Prog. Phys. 2010, 73, 036501.

Ni, S.; Leemann, J.; Buttinoni, |.; Isa, L.; Wolf, H. Programmable Colloidal Molecules from
Sequential Capillarity-Assisted Particle Assembly. Sci. Adv. 2016, 2 (4).
https://doi.org/10.1126/sciadv.1501779.

Greybush, N. J.; Liberal, igo; Malassis, L.; Kikkawa, J. M.; Engheta, N.; Murray, C. B.;
Kagan, C. R. Plasmon Resonances in Self-Assembled Two-Dimensional Au Nanocrystal
Metamolecules. ACS Nano 2017, 11, 291771 2927.
https://doi.org/10.1021/acsnano.6b08189.

Flauraud, V.; Mastrangeli, M.; Bernasconi, G. D.; Butet, J.; Alexander, D. T. L.; Shahrabi,
E.; Martin, O. J. F.; Brugger, J. Nanoscale Topographical Control of Capillary Assembly of
Nanoparticles. Nat. Nanotechnol. 2017, 12, 73i 80.
https://doi.org/10.1038/NNANO.2016.179.

Ni, S.; Isa, L.; Wolf, H. Capillary Assembly as a Tool for the Heterogeneous Integration of
Micro- and Nanoscale Objects. Soft Matter 2018, 14 (16), 29787 2995.
https://doi.org/10.1039/c7sm02496g.

Ni, S.; Wolf, H.; Isa, L. Programmable Assembly of Hybrid Nanoclusters. Langmuir 2018,
34, 24817 2488. https://doi.org/10.1021/acs.langmuir.7b03944.

Kinnear, C.; Cadusch, J.; Zhang, H.; Lu, J.; James, T. D.; Roberts, A.; Mulvaney, P.
Directed Chemical Assembly of Single and Clustered Nanoparticles with Silanized
Templates. Langmuir 2018, 34, 73551 73663.
https://doi.org/10.1021/acs.langmuir.8b00775.

Zhang, H.; Cadusch, J.; Kinnear, C.; James, T.; Roberts, A.; Mulvaney, P. Direct
Assembly of Large Area Nanoparticle Arrays. ACS Nano 2018, 12, 7529i 7537.
https://doi.org/10.1021/acsnano.8b02932.

Fringes, S.; Schwemmer, C.; Rawlings, C. D.; Knoll, A. W. Deterministic Deposition of
92



(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

Nanoparticles with Sub-10 Nm Resolution. Nano Lett. 2019, 19, 88551 8861.
https://doi.org/10.1021/acs.nanolett.9b03687.

Kraus, T.; Malaquin, L.; Schmid, H.; Riess, W.; Spencer, N. D.; Wolf, H. Nanopatrticle
Printing with Single-Particle Resolution. Nat. Nanotechnol. 2007, 2 (9), 570i 576.
https://doi.org/10.1038/nnano.2007.262.

Asbahi, M.; Mahfoud, Z.; Dolmanan, S. B.; Wu, W.; Dong, Z.; Wang, F.; Saifullah, M. S.
M.; Tripathy, S.; Chong, K. S. L.; Bosman, M. Ultrasmall Designed Plasmon Resonators
by Fused Colloidal Nanopatterning. ACS Appl. Mater. Interfaces 2019, 11, 452071 45213.
https://doi.org/10.1021/acsami.9b15780.

Bum Lee, J.; Walker, H.; Li, Y.; Won Nam, T.; Rakovich, A.; Sapienza, R.; Sik Jung, Y.;
Sung Nam, Y.; Maier, S. A.; Corte, E. Template Dissolution Interfacial Patterning of Single
Colloids for Nanoelectrochemistry and Nanosensing. ACS Nano 2020, 14, 176931 17703.
https://doi.org/10.1021/acsnano.0c09319.

Greybush, N. J.; Pacheco-Pend, V.; Engheta, N.; Murray, C. B.; Kagan, C. R. Plasmonic
Optical and Chiroptical Response of Self-Assembled Au Nanorod Equilateral Trimers.
ACS Nano 2019, 13, 16171 1624. https://doi.org/10.1021/acsnhano.8b07619.

Malaquin, L.; Kraus, T.; Schmid, H.; Delamarche, E.; Wolf, H. Controlled Particle
Placement through Convective and Capillary Assembly. Langmuir 2007, 23, 11513i
11521. https://doi.org/10.1021/1a700852c.

Yan, B.; Thubagere, A.; Premasiri, W. R.; Ziegler, L. D.; Negro, L. D.; Reinhard, B. M.
Engineered SERS Substrates with Multiscale Signal Enhancement: Nanopatrticle Cluster
Arrays. ACS Nano 2009, 3 (5), 11901 1202. https://doi.org/10.1021/nn800836f.

Kuemin, C.; Stutz, R.; Spencer, N. D.; Wolf, H. Precise Placement of Gold Nanorods by
Capillary Assembly. Langmuir 2011, 27, 63051 6310. https://doi.org/10.1021/la2001128.

Fan, J. A;; Bao, K.; Sun, L.; Bao, J.; Manoharan, V. N.; Nordlander, P.; Capasso, F.
Plasmonic Mode Engineering with Templated Self-Assembled Nanoclusters. Nano Lett.
2012, 12 (10), 53181 5324. https://doi.org/10.1021/n1302650t.

Kuemin, C.; Nowack, L.; Bozano, L.; Spencer, N. D.; Wolf, H. Oriented Assembly of Gold

Nanorods on the Single-Particle Level. Adv. Funct. Mater. 2012, 22, 7027 708.
93



(31)

(32)

(33)

(34)

(35)

(36)

https://doi.org/10.1002/adfm.201101760.

Greybush, N. J.; Saboktakin, M.; Ye, X.; Della Giovampaola, C.; Oh, S. J.; Berry, N. E.;
Engheta, N.; Murray, C. B.; Kagan, C. R. Plasmon-Enhanced Upconversion
Luminescence in Single Nanophosphor-Nanorod Heterodimers Formed through
Template-Assisted Self-Assembly. ACS Nano 2014, 8 (9), 94821 9491.
https://doi.org/10.1021/nn503675a.

Asbahi, M.; Mehraeen, S.; Wang, F.; Yakovlev, N.; Chong, K. S. L.; Cao, J.; Tan, M. C;
Yang, J. K. W. Large Area Directed Self-Assembly of Sub-10 Nm Particles with Single
Particle Positioning Resolution. Nano Lett. 2015, 15, 6066i 6070.
https://doi.org/10.1021/acs.nanolett.5b02291.

Nair, V. N.; Abraham, B.; MacKay, J.; Box, G.; Kacker, R. N.; Lorenzen, T. J.; Lucas, J.
M.; Myers, R. H.; Vining, G. G.; Nelder, J. A.; Phadke, M. S.; Sacks, J.; Welch, W. J.;
Shoemaker, A. C.; Tsui, K. L.; Taguchi, S.; Wu, C. F. J. Taguchis Parameter Design: A
Panel Discussion. Technometrics 1992, 34 (2), 15371 2723.
https://doi.org/10.1080/00401706.1992.10484904.

Krishnaiah, K.; Shahabudeen, P. Applied Design of Experiments and Taguchi Methods;
PHI Learning Private Limited: New Delhi, 2012.

Islam, M. N.; Pramanik, A. Comparison of Design of Experiments via Traditional and
Taguchi Method. J. Adv. Manuf. Syst. 2016, 15 (03).
https://doi.org/10.1142/S0219686716500116.

Xu, W.; Jalal, M.; Wang, L. Mechanical and Rheological Properties of Glass Fiber-
Reinforced Flowable Mortar (GFRFM): Optimization Using Taguchi Method. KSCE J. Civ.
Eng. 2021. https://doi.org/10.1007/s12205-021-0502-2.

94



CHAPTER 3

Sub-10 nm Patterning and Pattern Transfer via Nanocrystal Colloidal Lithography:
The Case of Monolayers and Bilayers

3.1 Introduction

Chapter 1 introduced design and fabrication strategies from the top-down and bottom-up
perspectives, and Chapter 2 highlighted a few experimental methods which are integral to the work
presented in this dissertation. We will now explore how to integrate bottom-up and top-down
strategies to achieve sub-10 nm patterning and pattern transfer using NC colloidal lithography.
Establishing patterns and achieving high-fidelity pattern transfer in the deep nanoscale regime (<
10 nm) is a challenge. This has led researchers to push nanofabrication techniques close to their
resolution limit including direct write methods like electron beam lithography,''4 focused ion beam
lithography,>8 and scanning probe lithography.® 11 While these direct-write methods offer precision
and enable arbitrary pattern design, they suffer from low throughput. An alternative fabrication
approach such as nanoimprint lithography2'14 offers much higher throughput but is generally ill-
suited for sub-10 nm resolution with higher feature densities. Top-down lithographic strategies
alone do not offer a suitable platform to further the pursuit of deep nanoscale patterning in a
practical manner. Furthermore, access to highly specialized instruments capable of such resolution
is limited and costly.

The nanofabrication platform we present using NC colloidal lithography combines the
precise control in nanoscale morphology afforded by bottom-up strategies, with more conventional
top-down pattern transfer methods. This approach offers substantial opportunities to explore
alternative methods for pushing the limits of deep nanoscale fabrication, while enabling wider
access to such capabilities to researchers and industries worldwide. We begin this chapter by
looking at some examples of patterning using NC monolayers with spherical building blocks, and
the resulting morphology upon pattern transfer using dry etching. We then compare the findings for
a monolayer to the case of NC bilayer structures and examine the critical difference which enable

high-fidelity pattern transfer. Furthermore, we highlight the versatility of our fabrication approach by
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proposing an indirect pattern transfer strategy using a secondary hard mask deposition to create
high-density, sub-10 nm feature arrays.

3.2 Sub-10 nm Patterning with Nanocrystal Monolayers from the Bottom-Up

The colloidal lithography approach requires planning that starts with careful selection of
the NC building blocks, which will be used as discrete masks. The first major consideration is to
determine the desired pattern morphology. The size and shape of the inorganic NC core sets the
discrete mask morphology. The organic ligand shell enables dispersibility in a solvent medium and
dictates particle spacing upon NC self-assembly. The resulting NC arrangement establishes the
resulting pattern which is to be transferred into the substrate. The second major consideration is
the material choice for the NC core. The material system is constrained by both the substrate
material that is to be etched, and the dry etch chemistry employed. Once a substrate material is
selected, specific dry etch chemistries can be chosen to etch that material. Furthermore, the mask
material (the inorganic NC core) must be compatible with the chosen dry etch chemistry such that
there is reasonable etch selectivity of the substrate material relative to the NC mask material. This
means the substrate material should be etched at a significantly higher rate than the mask material.
For instance, an etch selectivity of 40 would mean that the mask is etched only 1 nm for every 40
nm the substrate material is etched. A perfect etch mask would have an etch selectivity of infinity
such that no matter how deep the substrate material is etched, the mask material would not change.
The other consideration for the NC material system is chemical selectivity in mask removal. For
many applications, it is undesirable to have the mask material remain after pattern transfer into the
substrate. A selective chemical wet etch is commonly used to remove the mask material without
affecting the underlying patterned substrate material(s).

Considering these factors, we chose iron oxide as our model system to demonstrate sub-
10 nm patterning and pattern transfer using the colloidal lithography approach. Figure 3.1
summarizes spherical iron oxide (FesOas) NC building blocks with an oleate ligand shell. The NCs
are synthesized via the thermal decomposition of an iron-oleate precursor.'516 Full process details

can be found in the Supporting Information in section 3.8.1. The synthesis is relatively robust,
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scalable, and tailored to yield a reasonably monodisperse sample directly from synthesis. A careful
size selection process is used to improve the monodispersity post-synthesis. The upper left image
in Figure 3.1 is a representative transmission electron microscope (TEM) image of the FesOs NC
sample with a fast Fourier transform (FFT) shown in the top right inset. The well-ordered, close-
packed monolayer arrangement was prepared using self-assembly. High uniformity in shape and

size of the NC building blocks is essential to achieve a high-quality NC pattern. The histogram in

M Fe304-0A

oo - TEM

D=7.2+0.7 nm

Normalized Co
© o o o
NW Hon

0.1

| G R P G E P O P SO M

0 2 4 6 8 10 12 14 16 18 20
Diameter (nm)

SAXS DLS

1
1.0E+03 - Fe304-0A (Data) —£e304-OA
E —Fe304-0A (Fit)
1.0E+02 F
S 10601 [ .
= E
@ i
& LOE+00 | .
E g =04 |
1.0E-01 | g 03 |Pw=124+3.4nm
E =
' D= : So2 |
10602 | D=8.2+0.6 nm 3 1 2 0.2
E 0.1
1.0E-03 : 0 -
0.1 1.0 10.0 1 10 100
q (nm?) D (nm)

Figure 3.1:Characterization of a sphericald&2-OA NC samplasing TEM, SAXS, and DLS. TEI
SAXS characterization provide a measure of the inorganic NC core. The histogram show
diameter measured from TEM images, and the SAXS measurement was obtained by fitting th
a spherical form factor. DLS pides the hydrodynamic diameter including the contribution of
organic ligand shell in a wedblvated environment. SAXS and DLS characterization were perfor
toluene.

97



the top right shows the size distribution of the inorganic NC core as characterized by TEM, with a
monodispersity < 10%. TEM analysis resulted in an inorganic FezO4 core diameter of 7.2 0.7 nm.

To supplement the TEM characterization, small-angle x-ray scattering (SAXS) is performed
with the NCs dispersed in toluene, as shown by the bottom left panel of Figure 3.1. SAXS is a
powerful characterization method in nanopatrticle research.'” Like TEM, SAXS characterization is
most sensitive to the inorganic core size, and analysis reveals a diameter of 8.2 0.6 nm. TEM is
a direct measurement technique used to measure size, whereas SAXS is an indirect measurement
in which size is determined by fitting a mathematical model to the scattering data. In this case, the
fit is extremely close to the experimental data. Spheres are the simplest morphology to fit using a
spherical Bessel function. SAXS has a statistical advantage over TEM analysis because it is an
ensemble measurement averaged over hundreds of millions of particles. In contrast, TEM analysis
is typically less than one thousand particle measurements. It is also typical for spherical particles
that the size measured from SAXS is slightly larger than the TEM. SAXS tends to be more sensitive
to observing the outermost surface of the particle, whereas for TEM, the contrast relative to the
background can make discerning the outermost surface difficult.

While TEM and SAXS provide a measurement of the inorganic NC core, dynamic light
scattering (DLS) measures the hydrodynamic diameter (Dn), which considers the scattering
contribution from the solvated organic ligand shell. The bottom right panel of Figure 3.1 shows the
DLS data and the hydrodynamic diameter as Dn = 12.4 3.4 nm. The mean diameter is 4.2 nm
larger than the size measured by SAXS. A solvated and outstretched molecule of oleic acid
tethered to a particle surface has a length of ~2 nm. Since the ligand shell completely covers the
NC surface, adding the length of the solvated ligand on both sides of the particle diameter shows
the DLS characterization to be consistent with our expected NC morphology.

We now have prepared and characterized our model system of NC building blocks with
adequate monodispersity. A prerequisite for high-quality pattern transfer is high-quality patterning.
We create a well-ordered NC pattern via self-assembly at the liquid-air interface with subsequent
film transfer to a desired substrate using the Langmuir-Schaefer method as described in section
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2.1. Full process details can be found in the Supporting Information in section 3.8.2. Figure 3.2
summarizes representative TEM, SEM, and AFM images of a hexagonally close-packed (HCP)
monolayer assembly of the Fez04 NCs with two different ligand systems. The top portion of Figure
3.2 shows the monolayer assembly with oleic acid as the ligand system, and the bottom portion
shows the result when the G2 dendrimer ligand®® is used. The resulting patterns show uniformity
in feature size, shape, and spacing due to the high quality and monodispersity of the NC dispersion
and the optimized assembly conditions. TEM characterization is performed on a carbon film, and
both SEM and AFM characterization are performed on a bulk Si substrate. The AFM data presented
are the phase contrast image in which the probe interacts primarily with the organic ligand corona
surrounding the NCs. The phase signal is different in the region between particles with no inorganic
NC material where only interpenetrating ligand molecules are present. The most noticeable
difference in using the G2 dendrimer versus oleic acid as the ligand system is the resulting spacing

between NCs.
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As discussed previously in section 1.5, the organic ligand shell plays a critical role in the
NC self-assembly process. The G2 dendrimer molecules are longer and bulkier than oleic acid.
Upon the final drying stage of self-assembly, the interplay of forces due to the ligand corona and
the larger size of the G2 dendrimer ultimately yield a larger edge-to-edge particle spacing (s) for
the same inorganic FezO4 NC core. Since the AFM probe interacts primarily with the ligand corona,
the particle size appears slightly larger for the G2 dendrimer than oleic acid in the AFM phase
images, which reflects the increased particle spacing due to the ligand shell. Figure 3.3 summarizes
the edge-to-edge particle spacing (s) in a monolayer HCP NC assembly comparing oleic acid and
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Figure 3.3:Measurenent of the edgeto-edge interparticle spacin¢s) for an HCP NC monola
assemblyia TEM characterizationf FesOs NCs with (Top) oleic acid and (Bottom) G2 dendrim
the ligand system.

the G2 dendrimer, as characterized by TEM. The 2D HCP unit cell has 6-fold symmetry and is

isotropic, meaning the spacing is the same in all directions. The resulting spacing sis 1.9 0.3 nm
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for oleic acid and 4.2 0.7 nm for the G2 dendrimer. The ligand system is an important
consideration for particle stability in solution and the self-assembly process, but it also affects the
resulting pitch of the NC pattern. This provides an opportunity to employ different ligands to alter
the pattern morphology. Different ligand species can be chosen to tailor the spacing to < 1 nm19:20
or increasing s to several nm when choosing larger species such as polycatenar ligands,?!
dendrimer molecules,*® low molecular weight polymer chains,?? or DNA.23

So far, we have only discussed patterning using a single NC component. However, it is
possible to create well-ordered assemblies with more than one type of NC constituent. If the
morphologies of the mixed components are commensurate, a variety of unique structures can be
obtained with mixed NC systems.2428 There is an extensive NC library of varying sizes, shapes,
and materials which can be leveraged to design interesting mixed NC assemblies. The co-
assembly or co-crystallization of two or more NCs constituents into a well-ordered 2D lattice is
commonly referred to as a NC superlattice. While the combinations and opportunities offered by
[ii] [iii] ‘ [iv]
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mixed NC systems are vast, we will look at a binary system of two spheres that differ in both size

and material for our model system. Figure 3.4 provides an overview of the characterization of the
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two NC species using TEM, SAXS, and DLS. Figure 3.4(a) describes a smaller spherical Au NC
with 1-dodecanethiol (DDT) as the ligand, referred to as Au-DDT. Figure 3.4(b) similarly describes
a larger spherical FesO4 NC with oleic acid as the ligand, which we refer to as Fe304-OA. It is
important to note this FesO4 sample is not the same as the one previously described, as it is larger
with an inorganic core diameter closer to 10 nm.

There have been several investigations into the co-assembly of binary nanocrystal
superlattices (BNSLs) and ternary systems using spherical particles and other particle
morphologies. For the binary system we present here, we note that both constituents are spherical,
but differ in both size and material system. These are two parameters that we can leverage in
creating a desired pattern morphology. The size ratio is something that can generally be tailored
when designing a mixed NC system. Since we have chosen the NC species as characterized in
Figure 3.4, our size ratio is fixed. For two spherical NC constituents, the NC size ratio can be simply

expressed by [ ! i In comparing the radii of each. However, the NCs do not behave like hard

spheres of the inorganic cores alone, and the contribution of the ligands must be considered. A
framework known as the optimum packing model (OPM)?° has been used in literature to provide a
formal definition of the effective NC size (i), which considers both the inorganic core and the
organic ligand shell, and is given as:

i 'Yp o WY 7 (3.1)
where 'Y is the inorganic core radius, 0 is the ligand length, and - is a scaling factor that accounts
for nonideality of the grafting densityd which can generally be setto - p. The ligand length for
saturated alkanes (e.g., DDT) can be calculated by:

0 ™ ¢ ad¢ p (3.2)
where ¢ is the number of carbon atoms in the chain. DDT has ¢  12; therefore, the length of DDT
is0 1.56 nm. Unsaturated ligands (e.g., oleic acid) have two saturated segments 0 and 0 held

at an angle of 120° from each other. The effective length of this ligand type is calculated as:
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Foroleicacid, ¢ & 9. Therefore, the length of oleic acidis 0 2.08 nm.

We now consider the size of the inorganic NC core 'Y as characterized by TEM and SAXS
(provided in Figure 3.4) in conjunction with the respective ligand lengths for DDT and OA to
calculate the effective NC size i for both Au and FesQOs4, using equation 3.1. The size ratio between

the two NC species is simply determined by | : i . The effective size ratio using the

optimum packing model is T L and| T® p lbased on characterization by TEM and
SAXS, respectively. Therefore, the effective size ratio is between 0.513 7 0.559.
While several binary structures are theoretically possible to construct in this range; some

structures are more energetically favorable than others. A higher space-filling fact or  ( } )

energetically favorable than a | ower one because

state. The three struct urarge arevAlB2bk NaZime> NaGl,3 makiagt
these the three most probable binary structure outcomes with our Au-DDT:Fez04-OA system.
However, another parameter that we can select in the mixed state is the number ratio of FesO4:Au
NCs. We can selectively drive the binary NC mixture to co-assemble to a specific binary structure
by tailoring the number ratio of the two NC constituents. We choose to target a monolayer assembly
with the NaCl structure to create a NC pattern with an anisotropic square lattice for our
demonstration. Tailoring the number ratio of the NC species requires a complete understanding of
the NC morphology and state of the NC dispersion. If we know the mass concentration of each NC
dispersion and the mass of a single NC, we can calculate the number of NCs in a particular volume
of the NC dispersion. Since we know each system's shape, size, and density, we can calculate the
NC mass. However, this model alone neglects the mass contribution from the organic ligand shell.
It is important to consider the ligand contribution to determine the proper conditions to control the
number ratio more accurately.

We perform thermogravimetric analysis (TGA) to measure the organic mass contribution

of the FesO4-OA NCs and the Au-DDT NCs, as shown in Figure 3.5. TGA measures the mass of a
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sample as it is heated. Above a specific temperature, the organic ligand molecules will thermally
decompose and be removed from the sample leaving behind the mass contribution of only the
inorganic NC cores. The left column provides control samples of only the ligand species. OA starts
to decompose around 300°C, and DDT starts to decompose near 200°C. By the time the
temperature reaches 500°C, the ligands are completely removed. The FezO4 NCs are synthesized
with oleic acid. Interestingly, we have found improved monolayer assembly quality for Fez04-OA
when an oleic acid annealing (OAA) treatment is performed because it increases the ligand density
on the NC surface. Process details can be found in the Supporting Information in section 3.8. As
shown at the top of Figure 3.5, for two different sizes of FesO4 NCs, the weight percent was lower
for the OA-annealed sample (red) relative to the as-synthesized (black) sample. This means the

OAA treatment increased the organic mass contribution, which indicates an increase in the ligand
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Figure 3.5TGA characterization of the NCs described in Figures 3.1 and 3.4. Control sample
only the ligand molecules of oleic acid (OA) ardtbdlecan¢hiol (DDT) are provided on the leRe;Os
NCs are measured with OA as the ligand system and compatesized NCs to the same |
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is obtained by dividin§by the surface area of the NC.
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density on the NC surface. The TGA data for Au-DDT NCs is provided in the bottom right panel of
Figure 3.5.
The number of ligand molecules on a single spherical NC surface ("Q is calculated using
the top equation presented in Figure 3.5, where “ is the mathematical constant, 0 i s Avogadr ods

number, " is the mass density of the inorganic NC core material, Qis the diameter of the inorganic

NC core, 0 is the molar mass of the ligand species, and & and @ are the weight percent
of the organic ligands and the inorganic NC core, respectively, as measured by TGA. The ligand
density (LD) is then calculated by dividing "Qby the surface area of a single NCd which is the
surface area of a sphere in this case. If we now consider the mass contribution from the organic
ligand shell, we can more accurately calculate the required mass ratio to obtain a desired NC
number ratio. We want to target a 1.1 number ratio to achieve the NaCl structure. For the NC
samples characterized in Figure 3.4 and using the core size from TEM, and the as-synthesized
sample, we calculate the mass ratio of Fes04-OA : Au-DDT should be 1 : 0.512. This means that
for every 1 mg of FesOs-OA sample, we should add 0.512 mg of the Au-DDT sample to achieve a
1:1 number ratio. In practice, the simplest way to mix the two samples is to bring each NC
dispersion to the same mass concentration and mix the appropriate sample volume of each. The
mixed solution can then be diluted to tailor the desired concentration used for NC self-assembly.
Figure 3.6 provides an example of NC patterning achieved using a 1:1 Fe304-OA: Au-DDT
binary system. The top panel (outline in yellow) presents a well-ordered BNSL monolayer of FezOs,
and Au NCs co-assembled into the NaCl structure as characterized by TEM, SEM, and AFM. The
higher atomic number of Au relative to Fe and O makes the smaller Au NCs look darker in the TEM
bright-field image and brighter in the SEM image relative to the larger FesO4 NCs. The AFM data
presented are the phase-contrast image. Since the AFM probe interacts primarily with the ligand
corona, it is difficult to distinguish the NC species. However, the face-centered cubic (FCC)
structure is still apparent. We have leveraged both the size ratio and the number ratio of the
presented binary system to drive the NC monolayer assembly toward the desired close-packed

FCC structure. However, we can also leverage the difference in material systems to tailor the NC
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pattern morphology further. The bottom portion of Figure 3.6 (outlined in red) shows TEM, SEM,
and AFM characterization after the Au NCs have been selectively removed from the BNSL
monolayer,3° leaving behind only the Fes04 NC sub-lattice to form a single component simple cubic
(SC) structure. The Au NCs are removed via a chemically selective wet etch using an aqueous
solution of Kl and I2 to digest the Au NCs without affecting either the FesO4 NCs or the underlying
substrate. The remaining NC pattern consists of FesO4 NCs arranged in a square lattice; the original

Fes04 sub-lattice from the BNSL structure.

After
Selective
Au Etch

(O

Figure 36: (Top) Characterization of a BNSL monolayer assembly with a NaCl structure. Tt
species is BE&-OA and the smaller species is-BDT. (Bottom) Characterization after a chemi
selective wet etch which removes the Au NCs, leaving behind onlfFeé@ sub-lattice which i
unaffected. TEM characterization is performed on a carlmwated grid. SEM and Al
characterization are performed with the NC assembly on a bulk Si substrate. The AFM date
phase contrast image.
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This structural morphology does not form naturally from self-assembly and can only be
achieved through the indirect route presented in Figure 3.6. As shown in Figure 3.2, the HCP
arrangement is the most energetically favorable structure for a single component system with
spherical particles. The simple cubic NC pattern shown in the bottom of Figure 3.6 is a more open
structure with an anisotropic unit cell, which is not a structure that is energetically favorable to form
using self-assembly with a single component system directly. Figure 3.7 presents an analysis of
the edge-to-edge interparticle spacing of the square pattern. The 4-fold symmetry of the square
lattice yields a unit cell that has two distinct spacings. The smaller spacing i is in the orthogonal
x- and y-directions, and the larger spacing i is across the diagonal. The two TEM images are
from the same sample in two different areas with the respective FFT inset in the upper right to

reveal the 4-fold symmetry. The histograms provide a quantitative analysis of spacings i and i

mimage 1|  Image 1  image 1
b 0%
 Image 2 # Image 2  Image 2
o

Normalized C
5 85 8 &8 8

Edge-to-Edge Spacing (nm) zd.-:ojtug. Spa:ln( (nm) Ed:o»(o-idu s»cln. (nm) ! deﬁoj!dusm‘;nt(nm)
Image 1: 1.45 + 0.45 nm Image 1: 2.78 + 0.74 nm Image 1: 7.47 + 0.87 nm Image 1: 6.79 + 0.67 nm
Image 2: 1.42 + 0.37 nm Image 2: 244 + 0.61 nm Image 2: 7.42 + 0.83 nm Image 2: 7.02 + 0.70 nm

Figure 3.7:Analysis of the edgi-edge interparticle spacinfg) for the square Fg€s NC monolaye
subrlattice obtained from the NaCl BNSL after selective removal of the AUTREsesults presente
compare two different TEM images (with an FFT inset) from the same sample in different lo
The squatre lattice is anisotropic and hastdistinct spacings ands,. The orthogonal directions wi
a smaller spacing are designatedsgsand the larger spacing across the diagonal is designatsg
The histograms further specifyt and s, into an [a] and [b] to separate the distinct dations a
denoted by the respective inset. Scale bars are 20 nm.
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for both image 1 (blue) and image 2 (orange). Each spacing is further split into an [a] and [b], which
represent the different measurement direction as indicated by the schematic inset in the respective

histogram. Consideration of all measurements for [a] and [b] for both images yields a mean spacing

of i ¢t m@nmandi X& T nm.

3.3 Sub-10 nm Pattern Transfer with Nanocrystal Monolayer Patterns

Dry Etch

Figure 38: Schematic overview of the discrete pattern transfer process using an HCP mono
FesO; NCswith diameter| and interparticle spacing. (1) After a substrate has been patterned v
the wellordered NC monolayer, a dry etch process is used to transfer the NC pattern ir
underlying substrate. (2) The NC mask layer is then removed using a chemicallyeselettatct
which does not affect the substrat&he etch depthd can be tuned with the dry etch conditions.

The previous section focused on patterning a substrate surface patterned with a well-
ordered NC monolayer assembly used to create different structural morphologies. Now we will
investigate using the monolayer NC mask layer to transfer the established pattern into the
underlying substrate, where each inorganic NC core serves as a discrete hard etch mask. Figure

3.8 provides a schematic overview of the proposed pattern transfer process using an HCP NC
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monolayer. The pattern set by the NC mask layer yields a feature size | set by the size of the NC

inorganic core with spacing s, which is determined by the ligands and self-assembly process.

Together, this creates the feature pitch p, where p = | + s. The mask pattern is transferred into the

underlying substrate material using a dry etch process; then the NC layer is removed using a
chemically selective wet etch. We use ICP RIE with CFs-based etch chemistry to perform the first
step of pattern transfer into a bulk Si substrate. The FesO4 mask provides reasonable etch

resistance against CF4 chemistry. At the same time, the silicon is readily etched, meaning this

combination of mask material, substrate, and etch chemistry is suitable for high etch selectivity for

s

e

NaCl Structure:
{001}

Fe;0, Au

Figure 39: Schematic overview of the discrete pattern transfer process ussguarelattice derivec
from a BNSL monolayer assembh\Au-DDT and F€s-OAwith a NaCl structure. (1) The Au NC spe
is removed using a chemically selective wet etch which does not affect #i& Feblattice. Thi:
revealsa squardattice with two distinct spacings; ands,. (2)Adry etch process is used to trans
the NC patterrwith feature sizd into the underlying substrate. (3) The NC mask layer is then rer
using a chemically selective wet etch which does not affect the substrate. The etchdleathbe
tuned with the dry etch conditions.
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pattern transfer. The NC mask layer can be removed with an HCl wet etch, which selectively digests
the Fes04 NCs without affecting the patterned Si substrate. The etch depth d can be changed by
tuning the conditions in the dry etch recipe.

Similarly, the pattern transfer process can be extended to other pattern morphologies, such
as the square lattice derived from BNSL selective etching. Figure 3.9 depicts a schematic overview
of the pattern transfer process employed for the NaCl monolayer pattern of the Au/FesOs BNSL.
The first step is a chemically selective wet etch, which removes the Au NC species without affecting
the Fes0a4 sub-lattice, leading to an anisotropic unit cell with spacings i and i , as previously
described. This square lattice pattern can then be transferred into the substrate in the same manner
as the HCP pattern using the dry etch and chemically selective wet etch in steps two and three.

Experimentally, we observe a stark change in the NC pattern upon dry etching for pattern
transfer. Figure 3.10 shows SEM characterization going from an HCP monolayer FezO4 NC mask
pattern to the dry etch process comparing two ligand systemsd oleic acid and the G2 dendrimer.
The left panel shows the close-packed monolayer assembly of the FesO4 NC mask layer on a bulk
Si substrate. Recall from Figure 3.3 the spacing s is doubled for the case of the G2 dendrimer
relative to oleic acid. Upon using an oxygen plasma (O2 descum) process via ICP RIE, we see that
the ordered lattice structure transitions to a more disordered state for both ligand systems in the
middle panel. It appears the NCs move locally to form clusters leading to cracks or voids in the
film.31.32 There is more open void space in the case of the G2 dendrimer relative to OA because
the initial packing density of the pattern is lower due to the larger interparticle spacing. The O:2
descum process removes the organic ligand shell from the exposed areas but does not directly
affect either the FesO4 NC core or the Si substrate. We observe a similar morphology if a sample
at the mask assembly state is subjected to the CFs-based dry etch process. In this case, the
samples are not subjected to a prior O2 descum. The CF4 plasma etches the underlying exposed
regions of the Si substrate. The resulting morphology is similar such that the NCs move locally to

form cluster regions and cracks or void spaces, except the open portions of the substrate, which
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are no longer masked by the NCs, are etched. Consequently, the transferred pattern is not the

original discrete HCP pattern but rather the disordered morphology of cluster regions.

Figure 310: SEM characterization of and4&2 NC monolayer masgattern and subsequent patte
transfer with (Top) oleic acid and (Bottom) G2 dendrimer as the ligarddespélhe assembly state
the left panel is after film transfer to a bulk Si substrate. The middle panel reveals thatdascdin
process performed on the NC assembly induces local NC motion which leads to particle agc
upon ligand removal. The right panel shows the result after performing the ICP RIE dry etch
on the NC mask assembly directly (with no pried@cum) and with the NCs still present. The bric
regions were masked by NC aggregates and the darker regions are the areas of the Si subs
were etched. All scale bars are 100 nm.

Figure 3.11 provides higher resolution characterization of the dry etch pattern transfer step
into a silicon nitride (SiNx) membrane using TEM. The results for both the HCP monolayer and the
SC monolayer are presented in Figure 3.11(a) and Figure 3.11(b), respectively. The left panel
shows the original NC pattern on the SiNx membrane, and the right panel depicts the resulting
pattern transfer after the CF4 dry etch process with the NCs still present. In both cases, the NCs
move locally on the substrate surface to form clusters which serve as the new mask pattern. This

local movement appears to occur instantaneously at the first striking of the plasma, as the pattern
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