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Abstract

This thesis focuses on the development of chemical approaches for direct optical patterning
of colloidal nanomaterials. In Chapter 1, we introduce colloidal nanomaterials and their device
applications. We then discuss the need for new methods to pattern nanomaterials which motivate
the development of direct optical lithography of functional inorganic nanomaterials (DOLFIN).

Chapter 2 discusses the establishment of a library of photosensitive ligands and additives
for DOLFIN. We demonstrate the use of these photosensitizers to pattern a variety of NCs and
study their photodecomposition pathways and products. We also discuss the various chemical
mechanisms that enable the solubility of NCs to be modulated by the decomposition of the
photosensitizers.

In Chapter 3, we directly optically pattern oxide nanoparticles (NPs) by mixing them with
photosensitive diazo-2-naphthol-4-sulfonic acid and irradiating with widely available 405 nm
light. We demonstrate the direct optical lithography of ZrO2, TiO,, HfO2, and ITO NPs and
investigate the chemical and physical changes responsible for this photoinduced decrease in
solubility. Micron-thick layers of amorphous ZrO, NPs were patterned with micron resolution and
shown to allow 2w phase control of visible light. We also show multilayer patterning and use it to
fabricate features with different thicknesses and distinct structural colors. Upon annealing at
400 °C, the deposited structures have excellent optical transparency across a wide wavelength
range (0.3 — 10 um), a high refractive index (n = 1.84 at 633 nm) and are optically smooth. We
then fabricate diffractive optical elements, such as binary phase diffraction gratings, that show
efficient diffractive behavior and good thermal stability. Different oxide NPs can also be mixed

prior to patterning, providing a high level of material tunability.

Xiii



Chapter 4 involves the direct photo-patterning approach for lead halide perovskite (LHP)
NCs through the binding and subsequent cleavage of a photosensitive oxime sulfonate ester. The
photosensitizer binds to the NCs through its sulfonate group and is cleaved at the N-O bond during
photo-irradiation with 405 nm light. This bond cleavage decreases the solubility of the NCs which
allows patterns to emerge upon development with toluene. Post-patterning ligand exchange results
in photoluminescence quantum yields up to 76%, while anion exchange provides tunability in the
emission wavelength. The patterned NC films show photoconductive behavior, demonstrating that
good electrical contact between the NCs can be established.

In Chapter 5, we introduce the direct optical patterning of bare NCs that does not require
any additional photosensitive ligands or additives. We determined that photo-exposure of ligand-
stripped, bare NCs in air significantly reduces their solubility in polar solvents due to photo-
oxidation of surface ions. This approach enabled the patterning of bare ZnSe, CdSe, ZnS, InP,
CeO2 NCs as well as mixtures of ZnSe with ZrO2, HfO2, or CdSe/ZnS NCs. The photo-oxidation
process was studied by various methods including UV-vis and X-ray photoelectron spectroscopy.
We also demonstrate porosity and refractive index modulation of patterned NC films. This allowed
the refractive index of the ZnSe NC film to be modulated between n = 1.87 and n = 2.10. Our

findings showcase an easily accessible patterning method for bare NCs.
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Chapter 1. Introduction

1.1. Introduction to colloidal nanomaterials

Colloidal nanomaterials are inorganic particles with sizes about 1-200 nm that are well-
dispersed in a solvent. This includes colloidal nanocrystals (NCs), quantum dots (QDs), colloidal
nanoplatelets, and amorphous nanoparticles. In the last few decades, colloidal nanomaterials have
been investigated intensively in terms of their syntheses, fundamental properties, and device
applications.** A large, diverse library of colloidal nanomaterials has been established with
tunability in composition, size and shape (Figure 1.1). For instance, NCs can be made metallic,
semiconducting, insulating, or magnetic based on their composition (Figure 1.1A-D). Synthetic
advances have also allowed multi-component NCs to be fabricated (Figure 1.1E), allowing for
increasing compositional complexity.

The size of colloidal NCs can also be tuned and is particularly striking for semiconducting
NCs, also known as quantum dots (QDs). When the radius of a semiconducting NC is smaller than
its exciton Bohr radius, quantum confinement effects lead to the widening of the bandgap as the
NC size is decreased, which enables the emission wavelength of the NCs to be tuned (Figure
1.1F-G). The color tunability of these QDs, their high photoluminescence quantum yields
(PLQY), and narrow emission linewidths have led to the implementation of QDs in various
optoelectronic applications. Furthermore, NCs with various shapes can also be synthesized through
anisotropic growth control of the NCs. For example, depending on the synthetic conditions, gold
NCs can be synthesized in the shape of rods, cubes, octahedrons and tetrahedrons (Figure 1.1H-
K). This has enabled the enhancement of plasmonic properties via the geometric concentration of

electric fields.
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Figure 1.1. The diversity of colloidal nanocrystals (NCs) in composition, size, and shape. (A-E)
Gold (A), CdSe (B), Fe2O3 (C), ZrO, (D), and Au-PbS (E) NCs. (F) Schematic of quantum
confinement effect in semiconducting NCs. (G) Luminescent CdSe/ZnS core-shell NCs with
different core sizes. (H-K) Gold NCs with different shapes such rods (H), cubes (I), octahedrons
(J) and tetrahedrons (K). (A) Adapted with permission from ref. 5. Copyright 2004 American
Chemical Society. (B) Adapted with permission from ref. 6. Copyright 2013 American Chemical
Society. (C) Adapted with permission from ref. 7. Copyright 2001 American Chemical Society.
(E) Adapted with permission from ref. 8. Copyright 2008 American Chemical Society. (F) Adapted
with permission from ref. 3. Copyright 2016 Springer. (G) Adapted with permission from ref. 9.
Copyright 2002 Wiley. (H) Adapted with permission from ref. 10. Copyright 2001 American
Chemical Society. (I) Adapted with permission from ref. 11. Copyright 2018 American Chemical
Society. (J) Adapted with permission from ref. 12. Copyright 2007 Wiley. (K) Adapted with
permission from ref. 13. Copyright 2008 American Chemical Society.

Many synthetic approaches for colloidal nanomaterials have been developed. A popular
and well-developed approach involves the high-temperature synthesis of NCs in organic solvents

in the presence of long-chain organic surfactants.’* For example, ZnSe NCs can be synthesized



through the hot injection of a Se suspension into a solution of zinc oleate (Figure 1.2).
Alternatively, a heat-up synthesis may also be used. For instance, heating-up ZrCls and Zr
isopropoxide in trioctylphosphine oxide to a temperature of 340 °C leads to the formation of
tetragonal-phase ZrO, NCs (Figure 1.3). These high-temperatures synthesis in a coordinating

solvent has the advantages of high monodispersity and good crystallinity.
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Figure 1.2. Schematic of the hot-injection synthesis of ZnSe NCs with conditions from ref. °.

h_ h_

Heat to
340 °C

ZrCl, + Zr(0-i-Pr), '
+ trioctylphosphine oxide ZrO, nanocrystals (NCs)

Figure 1.3. Schematic of the heat-up synthesis of ZrO, NCs with conditions from ref. 1°.



Another common approach for the synthesis of colloidal metal oxide nanoparticles (NPs)
is the so-called “sol-gel” approach.!®* This method typically involves the hydrolysis and
condensation of a metal precursor in an aqueous media. If the condensation reaction is stopped
when the NPs (also called “sols”) are at an appropriate nanometer size (before any gelation occurs),
we can obtain NPs that are well-stabilized in the solution. Although this approach is simple and
very scalable, its disadvantages include poor crystallinity and large polydispersity.

Besides the bottom-up synthesis that have been discussed so far, colloidal nanomaterials
can also be obtained through top-down approaches that utilize bulk materials as the starting point.
For instance, two-dimensional colloidal nanosheets can be obtained through the exfoliation of
layered bulk materials.}”-* This approach further extends the library of colloidal nanomaterials to
compositions that are difficult to synthesize via solution-based chemistry. However, some
downsides to these exfoliated nanomaterials are their large lateral polydispersity and limited

surface chemistry.

1.2. Devices from colloidal nanomaterials

One of the conveniences of colloidal nanomaterials is its solution-processibility. This
allows the NCs to be easily purified and characterized by common solution-handling techniques.
To further utilize NCs and to integrate them with other components, it is necessary to deposit them
as a thin film, which can be done through deposition methods such as dip-coating, drop-casting,
ink-jet printing, spin-coating, spray-coating, and blade-coating (Figure 1.4). Compared to vapor-
phase deposition approaches, these solution-deposition techniques have a low cost, are highly
scalable, and have higher throughputs. For instance, it is quite straight-forward to deposit NCs on

large multi-feet substrates by blade-coating, whereas it is a non-trivial problem for vapor



deposition due to requirements of vacuum and other issues. Also, NCs can be deposited on
virtually any type of substrate regardless of material and form-factor, whereas vapor-phase
deposition methods are often limited to epitaxially-matched, flat substrates. On the other hand,
vapor-phase deposition techniques are often superior in their atomic precision, robustness, and
material performance. Thus, the goal of developing solution-processible NCs is not to supplant
these more established material fabrication approaches, but to provide a complementary materials

platform.
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Figure 1.4. Schematic of the solution deposition methods for colloidal NCs.

By solution-deposition techniques, various NC devices have been fabricated and
demonstrated including solar cells, photodetectors, transistors, light-emitting diodes (LED), lasers,
gas sensors, photonic devices, and color-conversion layers (Figure 1.5). 12922 These NC devices
have been developed and optimized over the last several decades to the point where they are
already commercially viable for certain applications such as in display technologies.

For devices that require charge transport between the NCs, the insulating long-chain

organic ligands need to be removed or replaced.* A well-explored route to do this is via a solution-



phase inorganic ligand exchange which involves the replacement of the surface organic ligands
with charge-stabilized moieties that provide colloidal stabilization via electrostatic repulsion.?®
This includes the binding of metal chalcogenide complexes,?* chalcogenides,? halides,?
oxoanions,?” and halometalates.?® These ions bind strongly to the surface of the NC and typically
lead to a negatively-charged NC surface when dissolved in a polar solvent like NMF or DMF.
Alternatively, the replacement of the organic ligands with a highly non-coordinating anion like
BF4 can also provide electrostatic colloidal stability due to the positive charging of the “bare” NC

surface. 2932
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Figure 1.5. NC devices including solar cells (A), light emitting diodes (B), photodetectors (C) and
transistors (D). (B) Adapted with permission from ref. 3. Copyright 2021 Springer. (C) Adapted
with permission from ref. 4. Copyright 2019 Springer. (D) Adapted with permission from ref. *°.
Copyright 2011 Springer.



1.3. Direct optical patterning of functional inorganic nanomaterials (DOLFIN)

Although the use of NCs for various device applications has been clearly demonstrated,
there still are challenges that limit the functionality and integration of NCs in real-world devices.
One issue involves the difficulty in precisely depositing two-dimensional patterns of NCs. This
patterning capability is crucial for the formation of more complex arrays of structures (e.g., LED
arrays with red, green, and blue pixels), and for proper integration with other parts of a device
(e.g., electrodes, interconnects, etc.).

Many routes to patterning colloidal NCs have been developed including ink-jet printing,3®
87 transfer printing,®® nanoimprinting,® two-photon lithography,* direct ink writing,*! extreme-
UV lithography,*? and photolithography.** The use of photolithography to pattern NCs is
particularly attractive due its scalability, parallel processing, good resolution, widespread
availability of light exposure tools.** In the standard photolithography process, a polymer
photoresist is used as a sacrificial layer (Figure 1.6, left). This light-sensitive resist undergoes a
solubility change upon light exposure which allows patterns to be formed upon development.
Subsequently, a material is deposited on top of these polymer patterns (additive process), or an
etching step is used to remove the underlying material (subtractive process). The stripping of the
photoresist then leaves behind a patterned layer of the material of interest.

As one of the key underlying processes of modern device fabrication, the sacrificial
photolithography process has been highly optimized to yield high-quality micro- and nano-scale
patterns. This approach works well for vapor-phase deposition techniques since the vapor-to-solid
transformation does not allow for any lateral movement during the deposition. This leads to the
uniform deposition of material on the regions in between the photoresist. In contrast, the solution-

phase deposition of a material onto a patterned polymer layer often leads to non-uniform



deposition due to capillary effects as the solvent evaporates. Furthermore, the sensitive nature of
many colloidal nanomaterials often leads to their degradation during the photoresist development

or stripping step.

Traditional photolithography DOLFIN
II——=WW. ¢pin_coat photoresist ==\ spin-coat NCs
; ' '-" ' - Align and expose _' Align and expose
- _— W Develop
_ Spin-coat NCs

b= [ Strip photoresist — e Develop

Figure 1.6. Schematic comparing the process of traditional photolithography to the direct optical
lithography of functional inorganic nanomaterials (DOLFIN).

Due to the limitations of using traditional photolithography for solution-processed
materials, we in the Talapin lab have been developing the direct optical lithography of functional
inorganic nanomaterials (DOLFIN). In the DOLFIN process, we avoid the limitations of
traditional photolithography processing by using a photo-patternable NC ink (Figure 1.6, right).
In this process, the photosensitive NC ink is deposited as a thin film and directly exposed to light
through a mask. The light-exposure triggers a photo-chemical reaction in the NC film which
changes the solubility of the NCs in a developer solvent, leading to the formation of two-

dimensional patterns.



It is important to note that there have been other chemical approaches that have been used
for the direct patterning of NCs.**45-50 These approaches have shown that high-quality micro-scale
patterns of NCs can be obtained by direct optical patterning. However, the DOLFIN approach
differs from these works on a few important features. First, our method places an emphasis on
minimizing the amount of organic residue in the NC film after the patterning process. This enables
the high packing fraction of NCs in the patterned film as well as the ability for electronic
communication between NCs. Besides that, the DOLFIN approach aims establish a modular and
general patterning approach in which the photosensitive ligands or additives can be compatible
with a wide range of colloidal nanomaterials.

In the next few chapters, | will discuss the development of a library of approaches to
fabricate high-quality NC patterns and demonstrate their use in photonic and optoelectronic

devices.
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Chapter 2. Photosensitive ligands and additives for solubility modulation of
colloidal nanomaterials

Adapted with permission from Y. Wang, J.-A. Pan et al. ACS Nano, 2019, 13, 12, 13917-13931.
Copyright 2019 American Chemical Society.

2.1. Selection of photosensitive ligands and additives for patterning nanomaterials

Direct optical patterning of nanomaterials requires designing photo-induced chemical
reactions that affect their colloidal stability. This can be achieved by introducing a photosensitive
component into the NC ink in the form of either a stabilizing photosensitive ligand or a
photosensitive additive (Figure 2.1).

The first approach relies on development of small-molecule surface ligands that provide
colloidal stability to the NCs but also chemically transform upon exposure to optical excitation
with certain photon energy. Ideally, such ligands should leave no insoluble organic residue after
photo exposure, which enables the formation of all-inorganic patterns of functional nanomaterials.
The all-inorganic design is motivated by numerous studies showing utility of NCs capped with
compact, inorganic surface ligands for various thin-film devices and other applications.*®

The second approach to create DOLFIN inks utilizes two different molecular species to
separately fulfill the above requirements: one component stabilizes the NC colloids while the
second component acts as a photochemically active additive that alters NC solubility upon
irradiation. Compared with the first type of ink, this approach can offer additional flexibility. By
changing the combination of two components, we can prepare various inks to satisfy special needs

in term of exposure wavelength, developing solvents, etc.
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Figure 2.1. Chemical structures of photosensitive compounds that enable NC patterning. The
compounds can be categorized as either (1) photosensitive ligands that also provide colloidal
stability or (2) photosensitive additives that are added to pre-stabilized NCs.

2.2. Interaction forces between colloidal NCs
To understand how the solubility of NCs can be modulated in the DOLFIN process, we
need to first understand the fundamental interaction forces present in a NC solution. This is because
the NC patterning process takes advantage of photo-induced chemical changes that reduce or
increase the strength of these interactions. There are three main types of colloidal NC interactions:

Van der Waals forces, steric interactions, and electrostatic double layer repulsion.

2.2.1. Van der Waals interactions

The Van der Waals dispersion force is a ubiquitous force between all atoms and molecules
due to the interaction of instantaneous dipoles that arise from the distortion of the electron cloud
within the atom or molecule. For larger objects like NCs, we can estimate the van der Waals
interaction using the Hamaker approach, which assumes that the forces are pairwise additive and

is not retarded by the solvent between the NCs.’® With this approach, we can express the van der
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Waals interaction energy, Uy,w between two identical NCs of radius,a, and NC surface

separation, d, as

U A 2a? N 2a? N (4a+ d)d
vaw = " e\ Ga+d)d T Ca+d)? T " Qa+d)?)

where A is the Hamaker constant, typically in the range of 102°— 101 J. This expression can be
further simplified if we assume that the NC radius is much larger than the surface separation
(a » d), which gives

U Aa
vdaw =~ 12d

From this expression, we can see that the VVan der Waals attraction increases with the NC

size and decreases with the surface separation.

2.2.2. Steric interactions

Without the presence of any other forces, the van der Waals attraction would lead to
irreversible aggregation of the NCs and the inability to form a stabilized colloidal solution.® For
NCs synthesized with long-chain organic ligands, this is avoided by the presence of steric
interactions which is repulsive in the presence of a “good” non-polar solvent. A good solvent
implies that there is a negative free energy (favorable interaction) when the organic ligands mix
with the solvent molecules. When two NCs approach each other, these ligands overlap and exclude
solvent molecules within this region, leading to a repulsive osmotic pressure that drives the NCs
apart. On the other hand, if a “bad” solvent is introduced, there is a positive free energy
(unfavorable interaction) between the NC ligands and the solvent, which leads to an attractive
steric interaction between the NCs. Additionally, the “goodness” of a particular solvent also

depends on the chemical nature of the ligand. For instance, a non-polar solvent like toluene would
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be a good solvent for NCs with non-polar hydrocarbon ligands but may not be a good solvent for

NCs with more polar ligands.

2.2.3. Electrostatic double-layer interactions

The surface of NCs in a liquid can be charged by either the ionization of surface groups or
by the adsorption of ions onto the surface. This results in the build-up of an electrostatic double-
layer of counterions, which consists of an inner layer of bound ions and an outer layer consisting
of diffuse ions. The repulsion due to the interaction of the electrostatic double layer between two
NCs allows the formation of electrostatically stabilized NCs.?

The electrostatic double-layer interaction between two spherical particles in a dilute mono-
valent electrolyte solution is obtained by solving the Poisson-Boltzmann equation

V2.y =k?sinhy,

where y = (zey/kT) is the non-dimensional electric potential and k= is the Debye length that is

_1_ |€o€rkT
T 2Nerr

where I = % ", c;z? is the ionic strength and €, is the relative permittivity of the solvent. Since

given by

this differential equation does not have an analytical solution, certain simplifying approximations
are typically used to produce a closed-form solution for the electric potential. By applying the
simplifying assumptions of the Derjaguin approximation (DA) and the linear superposition
approximation (LSA),® 1213 we can solve the Poisson-Boltzmann equation to obtain an expression
for the electrostatic double layer (EDL) interaction energy between two NCs with constant surface

potential, ¥, as
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where a is the NCs radius, d is the NC surface separation and c,, is the ion concentration. However,
the simplifying approximations mean that this expression is only valid when certain conditions are
met, which are (1) the magnitude of the surface potential, v, is relatively small (< 30 mV), and
(2) the NC radius is much bigger NC surface separation, which is larger than the Debye length
(a » d > k~1). Another method to obtain a close-form solution to the Poisson-Boltzmann
equation is by using the Derjaguin approximation (DA) in combination with the linear Poisson-

Boltzmann approximation (LPB),**1* which gives

URs PP = 2meye ap? In(l + e %)

2.3. Numerical evaluation of the electrostatic double-layer interactions
For small and highly charged NCs, the assumptions used in the Derjaguin approximation,
linear superposition approximation and linear Poisson-Boltzmann approximations are not valid.
This leads to large errors in the calculation of the electrostatic double-layer force. To overcome
this limitation, | implemented a numerical approach that enables an accurate evaluation of the
electrostatic interaction potential for scenarios that do not meet the conditions of these
approximations.

The computation script (https://github.com/jiaahnp/DLVO_numerical) was written based

on prior literature,*> 116 and utilizes the “pdenonlin” function, which is part of the MATLAB
partial differentiation toolbox. In this script, the electrostatic potential around two constant
potential spheres (Figure 2.2A) was first evaluated using the “pdenonlin” function for a range of
surface separations. The force between the particles was calculated by integrating the stress tensor

across a hemisphere with the median plane as the base. The electrostatic interaction energy at each
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surface separation was determined by integrating the force from a separation far enough (where
the force is close to zero) to that point.

The correctness of our computation was checked by comparing our results to those in the
literature (Figure 2.2B) and to analytical solutions that use simplifying approximations (Figure
2.2C). In the latter case, parameters were chosen where the approximations were most valid (a >
k™1 and ¥, « 25 mV). Close agreement in both cases confirmed the validity of our numerical
calculation. | then compared my computed results with the analytical solutions in the cases when
the approximations where less valid (a ~ k= and ¢, > 25 mV). In this case, the approximations
significantly overestimate the electrostatic repulsion, which shows the necessity for numerical

approaches (Figure 2.2D).

BF BF, . .
A s + A BF, .
B B .
CeD ! BF,': 3 (Reduced) Surface-to-surface distance, kh
BF | : icER: 1s 20 25 30 35 40
| | B- H
LOBE - BFs
BF, | | A
4 | B i BF;
| ‘ P . (Reduced) Here 0.7303  0.3959 0.2278 0.1348 0.0806 0.0482 0.0288 0.0171
fur aceseparatlan,hbi ez ML | 07287 03940 0.2264 01338 0.0799 00477 00284 0.0170
e . (Reduced) Here |0.3213 0.1854 0.1096 0.0653 0.0389 0.0231 0.0137 0.0081
. + Interactio | p) | 03220 0.4851 01091 00649 00387 00230 00136  0.0081
Radius, nenergy
r=13nm o = 100 mV (Surface)
C El ic i ion energy between two colloidal sph: D Electrostatic interaction energy between two colloidal spheres

(r =30 nm, ¢, =3 mV, ™' =2.0795 nm) (r=1.3 nm, ¢, =100 mV, £ =6.5759 nm)

45
0.12 > Calculated (exact) ol ° Calculated (exact)
Approx. - DA + LSA Approx. - DA + LSA
Approx. - DA + LPB 35 g
8
)
g

01 Approx. - DA + LPB | |

3 (&
0081 i
251§

006 T
%,

Interaction energy (kT)
H“M
Interaction energy (kT)

Y Sucospartonhom) L Y seco soparston ey
Figure 2.2. Numerical calculation of the electrostatic double layer interaction between NCs(A)
Schematic of the interaction to be evaluated. (B) Comparison between our numerical results and
those in the literature.!” (C~D) Comparison of the numerical results with approximated solutions
for NCs with a small potential (1), = 3 mV) and large particle size (D) and for NCs with a large

potential (1), = 100 mV) and small particle size.
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2.4. Patterning NCs with light-sensitive stabilizing ligands

To pattern NCs with light-sensitive stabilizing ligands (Figure 2.3), we utilize in a one-
phase solution exchange to functionalize the surface of the NCs with these ligands. This is done
by adding the compound to organically capped NCs in a non-polar solvent like toluene. The
addition of the ligand leads to the precipitation of the NCs which indicate that the long-chain
organic ligand has been replaced by the small, charged ligand. This allows the NCs to be
subsequently well stabilized in a polar solvent like DMF due to the formation of an electrostatic
double-layer.

The NCs capped with these photosensitive ligands are then deposited as a film and exposed
selectively to light through a mask. The light irradiation triggers the decomposition of the ligands
which causes the reduction in surface charge and the reduction in NC solubility, forming patterns

of NCs (Figure 2.4).
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Figure 2.3. Photodecomposition reactions of the photo-sensitive stabilizing ligands explored.
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Figure 2.4. NC patterns obtained using photo-sensitive stabilizing ligands shown in Figure 2.3.
This includes CdSe NCs capped with ADC, DTC, PEX or MTT; CdSe/ZnS (red), InP/ZnS (green),
and ZnSe/ZnS (blue) NCs capped with TTT ligands;'® CdSe/ZnS (red) and InP/ZnS (green) NC
capped with TDD, CeO> NCs capped with DTO.

We were also interested in identifying the photodecomposition of these photosensitive
stabilizing ligands. Hence, we carried out various chemical analyses to determine the chemical

structures of the decomposition products.

2.4.1. Ammonium Dithiocarbamate (ADC)

FTIR and ESI-MS was used to analyze both ADC and its photodecomposition products
(Figure 2.5). The FTIR spectra of as-synthesized ADC matched the characteristic peaks for the
ammonium ion, NHs* (N-H bend: 1400 cm™; N-H stretch: 3140 cm™, broad) and the
dithiocarbamate anion, HoNCS; (N-H primary amine bend: 1590 cm™; N-H stretch: 3402 cm™;
C-N stretch: 1322 cm™).1® Upon irradiation, the N-H and C-N peaks from the anion disappeared,

which was concurrent with the appearance of the characteristic thiocyanate stretch at 2046 cm™.
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This process was also corroborated with ESI-MS measurements, which showed that the
dithiocarbamate anion (m/z = 92) in the ADC solution was replaced by the thiocyanate anion (m/z

= 58) after DUV (254 nm) irradiation.
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Figure 2.5. FTIR, ESI-MS and photodecomposition equation for ADC.

2.4.2. Butyldithiocarbamate (Bu-DTC)

From ESI-MS measurement, it was found that both the Bu-DTC anion (BuNHCS?") and
the butylammonium anion (Bu-NHs") were present, which confirmed that the composition was
butylammonium butyldithiocarbamate (Figure 2.6). Upon DUV irradiation, the Bu-DTC anion
peaks disappeared, but the butylammonium ions remained. This was consistent with the

decomposition of Bu-DTC into butylamine and carbon disulfide.
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Figure 2.6. ESI-MS spectrums of Bu-DTC before DUV irradiation and photodecomposition
equation for Bu-DTC.

2.4.3. Potassium Ethyl xanthate (PEX)

The ability to pattern PEX-capped NCs with much lower DUV dosages indicated a
different patterning mechanism compared to the other ligands (Figure 2.7). Analysis with H
NMR, ESI-MS and FTIR failed to reveal any decomposition products, which was attributed to
their high volatility Hence, we further pursued an investigation involving elemental analysis.

To mimic the NC-PEX surface, we synthesized cadmium ethyl xanthate, Cd(CH-
3CH20CS;y)2 or Cd(EX)2, by precipitating cadmium chloride (CdCl.) with PEX in H2O. When
Cd(EX)2 was redissolved in DMF (50 mg/mL) and irradiated with DUV light, the precipitate that
formed had a Cd:S ratio of 1:1.2 (by ICP-OES), which suggested the formation of CdS. (As a
control, the Cd:S ratio in Cd(EX). was found to be 1:3.7.) This was consistent with prior studies

showing the formation of CdS upon decomposition of Cd(EX). at temperatures as low as 160 °C%.
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Hence, we deduced the patterning mechanism as the decomposition of Cd-PEX into CdS on the

NC surface, with the release of gaseous products.
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Figure 2.7. Chemical analysis of PEX and Cd(EX). and a proposed decomposition pathway.

2.4.4. 5-Mercapto-1-methyltetrazole (MTT)

The decomposition of the MTT ligand was investigated via ESI-MS and 3C and *H NMR.
ESI-MS results showed the presence of the m/z = 115 negative ion of the MTT compound before
irradiation (Figure 2.8). However, after irradiation, many new peaks in positive ESI-MS appeared
(m/z = 145, 173, 195, 205, 237). These peaks could be assigned to combinations of the
decomposition products a and b with each other and with the original MTT molecule (table below).
Further studies from NMR measurements further confirmed that the five-membered ring from the
original MTT ligand disappeared right after DUV irradiation. Therefore, the photodecomposition
mechanism could be deduced as the loss of N2 to form a cyclic intermediate, followed by the

release of S to form the final product. This was consistent with one of the pathways proposed

previously??.
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Figure 2.8. ESI-MS of MTT and its decomposition products. Below: proposed mechanism for
photodecomposition.

2.4.5. 1,2,34-thiatriazole-5-thiolate (TTT)

The decomposition pathway of TTT into SCN-, sulfur and nitrogen gas has been reported
previously.?? TTT molecules are quite explosive and must be handled in a solution form with
special safety precautions, especially when substantial quantities of neat ligand are produced and
stored. This property greatly impedes the extensively usage of TTT-based NC inks. Furthermore,
we had to use DUV (254 nm) photons to trigger ligand decomposition and altered the solubility of
TTT based NC inks. These challenges motivate us to explorer new ligand systems optimized for

accessibility, stability, and compatibility.

1,3,4-Thiadiazole-2,5-dithiol (TDD)
Based on FTIR, ESI-MS and NMR analyses, the photopatterning mechanism with TDD
did not involve photodecomposition into smaller products (Figure 2.9). Instead, we proposed a

thiol-thione to thiol-thiol phototautomerization mechanism induced by DUV or 365 nm light,
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which has been previously reported?. We hypothesize that this conversion of TDD into its dithiol
form allows it to bind with two NCs, leading to a reduction in solubility.

When TDD was dissolved in methanol, the anions were clearly observed using ESI-MS in
the negative mode (m/z = 149). 1*C NMR showed the presence of only one peak at 176 ppm (due
to rapid conversion between tautomers) and was close to previously reported measurements
(Wiley: 172 ppm, DMSO-ds). FTIR peaks of solid TDD could be assigned with the following
relevant ones: N-H (~3000 cm™: stretch, overtones, Fermi resonances; 1414 cm™: deformation),
S-H (2480 cm: stretch; 940 cm™: deformation) and thiadiazole ring stretches (1241 cm™, 1123
cm?, 1083 cm, 1051 cm?, 716 cm™).242° This was consistent with prior conclusions that TDD
exists primarily in the thione-thiol form in the solid state or when dissolved in polar solvents®.
Also, the UV-spectrum of TDD showed a peak at about 350 nm, which had been attributed to the
thione form of TDD.?®

Upon DUV or 365 nm irradiation, the 350 nm absorption peak was significantly diminished
and the TDD" anions were no longer observed from ESI-MS, which could be explained by either
decomposition or polymerization of TDD molecules. (Polymerizing TDD would bleach the 350
nm absorption because it would lock the molecule in the thiol form). However, both FTIR and *C
NMR confirmed the later chemical transformation pathway. FTIR spectroscopy showed that after
DUV irradiation, absorptions from both N-H and S-H bonds were bleached, while those from the
thiadiazole ring were mostly unchanged or only slightly shifted. Furthermore, these peaks matched
up with peaks from the annealing of TDD at 150 °C (slightly below its melting point), which more
clearly showed S-S stretching absorption at 525 cm™. The broadening of the irradiated TDD
spectrum compared to the annealed TDD spectrum could be rationalized as the higher disorder in

the photo- versus the thermally induced process. Also, 2*C NMR showed a shift in the carbon ring
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resonance to 149 ppm consistent with ChemDraw predictions of the photo-induced
tautomerization. In short, TDD undergoes a photo-induced tautomerization under UV irradiation.

The formation of the dithiol allows it to polymerize with one another or bridge NCs.
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Figure 2.9. ESI-MS, '>C NMR, and FTIR spectra for TDD experiments and the proposed
patterning mechanism.

2.4.6. Ammonium 1,1-dithiooxalate (DTO)
The decomposition of DTO into CSz and CO2 upon photolysis  has  been  studied

previously. ¥

2.5. Patterning NCs with photosensitive additives
Unlike photosensitive binding ligands that were discussed in the previous section,
photosensitive additives (Figure 2.10) lack the ability to bind strongly to the NC surface. Hence,
they are added to NCs that are already stabilized by another chemical species. In order to minimize
the organic content in the film, NCs are usually stabilized electrostatically with the use of inorganic

surface ions such as metal chalcogenide complexes!! or by ligand-stripping methods.?® Then, the
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photosensitive ligand is added to this solution at an appropriate ratio and mixed thoroughly. Upon
spincoating, exposure and development of this solution, patterns of NCs can be formed (Figure
2.11).

The photodecomposition products of these photosensitive additives have been well studied.
This is due to their use as photoacid generators (PAGS) in standard polymer photolithography
formulations. In these formulations, the acid formed upon light exposure is usually used to drive
the polymerization, deprotection, cross-linking or depolymerization of the organic compounds in
the photoresist film. 2 When added to NC films, these photosensitizers modulate the solubility

of NCs by changing the interaction forces between the NC colloids.
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Figure 2.10. Photodecomposition of additives for NC patterning.
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Figure 2.11. NC patterns obtained by adding a photosensitive additive to NC solutions. Chemical
structures are shown in Figure 2.10. This includes the patterning of CeO2-BF4 NCs with AST,
HNT or DNS, CdSe core-shell NCs with MBT,*! and CsPbBr3; NCs with PTA.

2.6. Mechanisms of solubility modulation of NCs by photosensitive ligand/additive
From a macroscopic perspective, all the photosensitive ligands and additives play the same
role of reducing the NC solubility upon photoirradiation. However, the microscopic changes that
occur during this process may be significantly different depending on the photosensitizer and type
of NC used. In this section, we will discuss the various microscopic chemical mechanism through
which the NC solubility can be changed (Figure 2.12). This involves photo-induced chemical

reactions that affect either the electrostatic, steric, or VVan der Waals interactions.
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Figure 2.12. Patterning mechanisms that enable
photodecomposition of the photosensitive ligand or additive.

changes in NC solubility upon

For NCs that are electrostatically stabilized, its solubility in polar solvents can be reduced
through the disruption of the electrostatic double layer (EDL), which can occur through several
ways. For photosensitive ligands that provide surface charging, this EDL repulsion is dramatically
reduced due to the reducing of the surface charge upon decomposition or desorption of the ligand.
For instance, ammonium dithiocarbamate (ADC) binds strongly to the NC surface, providing a
negatively charged surface that induces the formation of the EDL. Photoirradiation of ADC leads
to its decomposition into the SCN- ion, which is known to be a much weaker binder to NC
surfaces.®? Hence, the EDL collapses, leading to the insolubility of the NCs in polar solvents due
to the lack or repulsive interaction to overcome the attractive van der Waals forces.

Alternatively, the EDL can be disrupted through the binding of counterions formed after
photodecomposition. This binding of counterions neutralizes the surface charge and the formation

of the EDL. For instance, diazonaphtholsulfonic acid (DNS) is a weakly binding negative
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counterion that photo-decomposes into 3-sulfo-3H-indene-1-carboxylic acid (SICA) (Figure
2.10), which binds more strongly to the positively charged bare NC surface. Another example of
this is photo-decomposition aryl sulfonium triflate (AST) which releases protons that bind to the
negatively charged surface of NCs capped with metal chalcogenide complexes (e.g., Sn2Se*).

A third way that the EDL can be photo-chemically disrupted is by increasing the ionic
concentration around the NCs through the formation of ionic species from a non-ionic
photosensitizer. This increase in ionic strength causes the screening of charges which compresses

the thickness of the diffuse layer. This can be seen clearly from the expression for the Debye length

which is inversely proportional to the square root of the ionic strength (x~* o 1/~/T). An example
of this patterning mechanism is the use of non-ionic photoacid generators such as HNT, which
releases ions upon photodecomposition.

The patterning of sterically stabilized NCs involves disrupting the steric repulsion through
changes in the interaction energy between ligands and solvent molecules. For instance, MBT can
be used to pattern organically capped NCs through an in-situ ligand-exchange mechanism that
involves the substitution of non-polar oleate ligands with polar chloride ligands released during
upon photodecomposition of MBT. This increases the polarity of the NC surface which makes it
insoluble in non-polar solvents like toluene. Another example is the use of PTA to pattern lead
halide perovskite (LHP) NCs. PTA is a relatively non-polar molecule that binds to the LHP NC
surface. Upon irradiation, PTA is photo-cleaved into two fragments, one of which is more polar
and remains on the NC surface while the other is washed away. This also results in the increase in
polarity of the NC surface, reducing its solubility in non-polar solvents.

Another patterning mechanism involves the photo-induced cross-linking between ligands

or between NCs. For instance, the sufficient UV irradiation of semiconductor NCs capped with
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oleate ligands lead to the formation of C—C cross-links between the ligands.®®* Another example of
this cross-linking approach is in the case of TDD which undergoes a photo-isomerization that
enables it to bind to different NCs through its two thiol binding groups.

Finally, the solubility of NCs can be modulated though changes in the NC—NC separation
upon photodecomposition of the ligand/additive. We observed that depositing and drying bare NCs
on their own leads to insoluble NC films, while depositing and drying NCs mixed with an
appropriate additive (e.g., AST) allows the NC film to be subsequently redissolved. Hence, we
infer that these additives play a role of keeping NCs well-separated from one another, which
prevents the van der Waals forces from irreversibly aggregating the NCs. During the patterning
process, photodecomposition of this additive into smaller fragments lead to a reduction of this

spacing, allowing NCs to aggregate and become insoluble in the developer.

2.7. Summary
In summary, we have developed a library of photosensitive ligands or additives that allow
the NC solubility to be modulated though the exposure of various wavelengths of light. These
DOLFIN photosensitizers allows the patterning of a variety of types of NCs through the use of

various microscopic mechanisms that lead to changes in NC solubility.
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Chapter 3. Direct optical lithography of colloidal metal oxide nanomaterials
for diffractive optical elements with 2z phase control

Adapted with permission from J.-A. Pan et al. J. Am. Chem. Soc., 2021, 143, 5, 2372-2383 and Y.
Wang, J.-A. Pan et al. ACS Nano, 2019, 13, 12, 13917-13931. Copyright 2021/2019 American
Chemical Society.

3.1. Introduction to oxide NC patterning

Metal oxide layers are widely used as dielectric, semiconducting, or conductive layers in
transistors,® gas sensors,? waveguides,® diffractive optical elements,* and recently, dielectric
metasurfaces.>® Their widespread implementation can be attributed to thermal and mechanical
robustness, coupled with desirable chemical, optical, and electronic properties such as optical
transparency, high refractive index, and tunable conductivity.” Importantly, high-resolution
patterning is often essential to fully harness these properties and to integrate the oxide layers in
practical devices.

An established method to fabricate oxide patterns involves photolithography of a sacrificial
polymer resist layer followed by pattern transfer via etching (e.g., by reactive ion etching, RIE) or
vapor-phase deposition (e.g., by atomic layer deposition, ALD) of the oxide layer. These methods
work extremely well for some applications (e.g., in nanoelectronics) but face challenges when
applied to large-area substrates or thick oxide layers. Traditional ALD and RIE methods are also
poorly applicable for low-cost applications (e.g., disposable radio-frequency identification tags
and sensors). As an alternative, solution-based deposition techniques possess the advantages of
lower costs, milder conditions, and shorter fabrication times. Various approaches have been
developed to directly pattern solution-deposited oxide layers without the use of sacrificial

photoresists. These include nanoimprint lithography,® direct ink writing,® dip-pen lithography,*©
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extreme-UV lithography!?, electron-beam lithography,*? and direct optical lithography.” Among
these, direct optical lithography through a light-induced change in solubility of a photosensitive
oxide ink is particularly attractive due to its simplicity, good resolution, and high throughput. This
method can also utilize established light projection systems that have already been developed
extensively for microelectronics, thus facilitating its facile and widespread implementation.
Furthermore, developments in the chemistry of the photosensitive inks can be further adapted for
light-based 3D printing technologies such as stereolithography and two-photon lithography.t314

Among the different solution-processable precursors for inorganic materials, colloidal
nanoparticles (NPs) allow for high atom economy during the precursor-to-inorganic layer
transformations because they already contain multiatomic units of the target phase.'® This high
atom economy translates into small volume contraction during annealing of patterned precursor
layers. Colloidal oxide NPs are formed by controlled hydrolysis/condensation reactions in either
aqueous or nonaqueous media. The aqueous route commonly referred to as the sol-gel process
involves the hydrolysis and condensation of metal oxo complexes in either acidic or basic
conditions.’® On the other hand, nonaqueous techniques initially developed for synthesizing
luminescent quantum dots have been applied to making colloidal oxide NPs.}” This method
involves the hot injection or heating of metal oxide precursors in the presence of long chain ligands
(e.g., oleic acid, oleylamine, trioctylphosphine oxide) in an organic solvent.'8° With a large-scale
industry developed around oxide NPs, a multitude of applications should benefit from the ability
to directly optically pattern these NPs.?°

Oxide NPs can be photopatterned by embedding them in a matrix of photosensitive organic
monomers subsequently polymerized by light.> 22 A common issue with this approach is phase

separation between the inorganic and organic components, which can affect properties like
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transparency and porosity.?? Alternatively, photosensitivity can be built into the NPs themselves
by tailoring their ligand chemistry. Giannelis, Ober, and co-workers have systematically
investigated the use of oxide NPs (e.g., HfO2, ZrO,, ZnO) with short chain carboxylate ligands for
high-resolution deep-UV and extreme-UV lithography.?-?* They proposed mechanisms involving
photoinduced ligand desorption and ligand exchange leading to solubility changes. Other
patterning methods such as cross-linking long-chain ligands,?>-?" photocleavable ligands that
change polarity upon decomposition,® and light sensitive DNA moieties?® have been used to
pattern metal or semiconductor NPs and should be extendable to oxide NPs as well.

In the last few years, we have been developing methods for the direct optical lithography
of functional inorganic nanomaterials (DOLFIN), which emphasizes minimizing the amount of
organic components in the patterned layers.*°-3! Although inorganic—organic hybrid materials are
appropriate even advantageous for certain applications (e.g., flexible substrates and bio
interfacing), there are many important applications that have been hindered by the inclusion of
organic components.®? These include applications that require strong electronic coupling between
NPs, infrared transparency, high refractive indices, and wide thermal tolerance. One instance of
these requirements is the fabrication of phase-shifting diffractive optical elements (DOEs), which
utilize the principle of diffraction and interference to manipulate the properties of light. These
transparent DOEs shape the wavefront of light by spatial variations in the retardation of incident
light. To achieve arbitrary wavefront shaping, full 2t phase retardation is required, which can be
achieved through patterns of sufficiently thick films with high refractive indices. Moreover, these
optical devices often require good thermal and mechanical robustness for operational longevity,

which may be compromised by the inclusion of a large organic fraction.
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Herein, we use DOLFIN to fabricate high-performing oxide DOEs with full 2z phase
control. Such optical elements have stringent requirements such as a large thickness, high
refractive index, and optical-grade smoothness of patterned layers. A photosensitive oxide ink was
formulated by mixing electrostatically stabilized oxide NPs with 1-25 wt % of the diazo compound
1-diazo-2-napthol-4-sulfonic acid (DNS), which is photosensitive to UV-blue light (350-450 nm).
We directly photopattern thick (> 1 um) films of amorphous zirconia NPs, which allow for 2
phase control of visible light. These structures are highly transparent, have a high refractive index
(n ~ 1.84), and can withstand multiple layer patterning. To demonstrate its optical capabilities,
we fabricate films with structurally colored pixels as well as binary transmission gratings that show
high diffraction efficiencies. We also show generalizability to various types of electrostatically
stabilized oxide NPs (TiO2, HfO2, and ITO) made by different synthetic methods. This work
showcases the capability of direct patterning methods for colloidal nanomaterials and their use in

photonic applications.

3.2. Selection of diazo-2-naphthol-4-sulfonic acid (DNS) as the photosensitive
compound.

To make optical elements with good diffractive capabilities, the patterning of thick oxide
layers is required. This can be achieved by direct optical lithography of a thick film of oxide NPs
mixed with a photosensitive additive, with the caveat that the oxide matrix needs to be highly
transparent at the irradiation wavelength. This crucially allows the exposure light to penetrate deep
into the film, decomposing the photosensitive compound throughout the thickness of the film.
Since many oxide materials absorb in the UV, we decided to utilize a compound that is sensitive

to violet (405 nm) light. One of the most well-known classes of commercial photoresists for UV-
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violet lithography are the diazonaphthogquinone (DNQ) photoresists, which consist of a
photosensitive DNQ sulfonate ester mixed with a transparent phenolic polymer matrix.®® Upon
irradiation, the DNQ compound decomposes into a transparent indene carboxylic acid, changing
the solubility of the resist in an aqueous base developer. Although cutting-edge photolithography
has moved to deep-UV and extreme-UV exposure, the DNQ photoresists are still widely used in
microlithography workflows.

Inspired by the commercial success of DNQ-polymer photoresists, we investigated the use
of DNQ-like compounds to directly pattern thick layers of oxide NPs. We explored several DNQ
variants including 4-(1-methyl-1-phenylethyl)phenyl 3-diazo-3,4-dihydro-4-oxo-1-
naphthalenesulfonate (DNQ-Ar), 2-diazo-1-naphthol-4-sulfonyl chloride (DNQ-CI), 2-diazo-1-
naphthol-4-sulfonic acid (2-DNS) and 1-diazo-2-naphthol-4-sulfonic acid (1-DNS). All these
compounds decompose into 3-sulfo-3H-indene-1-carboxylic acid (SICA) upon photoirradiation.
The chemical structures of these compounds are shown in Table 3.1. We first tested the use of
DNQ-Ar, a typical sulfonate ester variant used in commercial photoresists. Unfortunately, it did
not significantly change the solubility of oxide NPs upon photoirradiation (i.e., low contrast),
which we attribute to the interference of the phenol reaction products. On the other hand, DNQ
variants with no phenol adducts (DNQ-CI, 2-DNS, 1-DNS) were found to appreciably alter NP
solubility after photoirradiation. However, we did not further investigate the use of DNQ-CI due
to its highly reactive sulfonyl chloride moiety which is easily hydrolyzed, releasing H* and CI

ions that can prematurely destabilize NPs by perturbing the pH or by binding to NP surfaces. 3*
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Table 3.1. Chemical structures of SICA and different DNQ variants investigated.

Chemical structure Chemical name
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We obtained the best and most reproducible results with the sulfonic acid variants of DNQ,
such as 1-DNS and 2-DNS. These two compounds are regioisomers (the diazo and oxo positions
on the ring are swapped), but they both photodecompose into SICA due to an intermediate Wolff
rearrangement step (Figure 3.1). In this report, we primarily utilize 1-DNS as it is commercially
available, but have found 2-DNS to perform equivalently. For simplicity, we will henceforth use

DNS to refer to 1-DNS.
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Figure 3.1. Mechanism of conversion of 1-DNS and 2-DNS into SICA.3?

We first characterized the photochemical properties of DNS on its own before
implementing it in a NP ink. Figure 3.2 shows the absorption spectra of DNS before and after its
photodecomposition into SICA. DNS absorbs 405 nm light strongly with an absorption coefficient
of €405 nm = 4.23 X 103 M~tcm™1. Upon photoirradiation, it decomposes into SICA, which has
an absorption coefficient at 405 nm that is five orders of magnitude smaller (€405 nm =
4.42 x 1072 M~1cm™1). This shows that the photodecomposition process is highly sensitive and
efficient. The pronounced photobleaching of DNS also contributes to the ability of light to

penetrate deep into a film, facilitating the pattering of thick NP layers.
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Figure 3.2. Optical properties of the sensitizer and NCs.Absorption spectra of (A) diazo-2-
naphthol-4-sulfonic acid (DNS) before and after its photodecomposition into 3-sulfo-3H-indene-
I-carboxylic acid (SICA) and (B) amorphous ZrO2> NPs after solvent exchange from water into
DMF. Insets: photographs of the DNS and ZrO> NP solutions.

3.3. Photochemically active oxide NP inks

To prepare the photosensitive colloidal dispersion of NPs, both the DNS compound and
the NPs must be highly soluble in a suitable solvent. N,N-dimethylformamide (DMF) was chosen
as the solvent because it solubilizes both DNS and electrostatically charged NPs.*> DMF also has
an acceptably low boiling point (153 °C), which facilitates the spin coating of thick films.

Depending on the method of NP synthesis, different approaches were employed to obtain
stable colloids of NPs in DMF (Figure 3.3). NPs synthesized by aqueous sol-gel methods are
already electrostatically stabilized and can be dispersed in DMF by a simple solvent exchange
procedure from H20. We found that the complete removal of water was necessary due to the
insolubility of DNS in water. However, since the dielectric constant of DMF is significantly lower
than that of H2O (36.7 versus 80.1), this procedure only works for reasonably small sized NPs
(<20 nm) with highly noncoordinating anions (e.g., NOs’). On the other hand, a different process

is used for NPs capped with long chain organic ligands (e.qg., oleic acid). For these NPs, a stripping
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agent (e.g., NOBF.) is used to remove the organics and replace it with noncoordinating anions,

rendering them soluble in DMF.*®

DMF
H:0 H.0 DMF
. il _AVAVAVAVAVAN
Z —Ho0 7 7 DMF .
H,0 H,0 2 DMF — organic solvent
: £ +DMF z! z 7
‘ z DMF + DMF
H,0 H,0 DMF
H.0 DMF

Figure 3.3. The two methods of obtaining colloidal NPs in DMF involving either a solvent
exchange or a ligand stripping procedure (Z is a noncoordinating anion).

The photosensitive oxide NP ink is then obtained by simply adding DNS to the colloidal
oxide NP solution in DMF. The percentage dry mass of DNS to NPs was optimized for each type
of NP, typically ranging between 1-25 wt %. In this report, we frequently utilize amorphous ZrO-
NPs with positively charged surface and nitrate counterions as a convenient material system to
demonstrate concepts applicable to a broad class of oxide NPs. After solvent exchange into DMF,
these ZrO2 NPs remain well-dispersed as indicated by their small hydrodynamic size (~6 nm) and
large positive zeta potential (+45 mV) (Figure 3.4). The particles are stable to aggregation on the
timescale of weeks. The colloidal solution is visibly clear without any cloudiness and is highly
transparent to visible light, including 405 nm radiation (Figure 3.2B). The addition of DNS only
slightly perturbs the NP colloidal stability by causing a small reduction in the zeta potential (+45
mV to +32 mV) upon the addition of an excess of DNS (100 wt % of DNS to NPs), which we
attribute to the increase in ionic strength from the dissociation of DNS in DMF (Figure 3.4B). We
thus infer that DNS only interacts weakly with the NC surface by contrasting this behavior with
the drastic changes of zeta potential observed during the addition of strongly coordinating ionic

ligands.®53" The highly charged NPs allow us to make highly concentrated amorphous ZrOz NP
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solutions (e.g., 250 mg/mL ZrOz NPs + 62.5 mg/mL DNS in DMF) that remained colloidally stable

and transparent.
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Figure 3.4. Size of the NPs and changes in zeta potential during the patterning process (A)
Hydrodynamic size of amorphous ZrO> NPs after solvent change from water into DMF, measured
by dynamic light scattering (DLS). (B) Changes in zeta potential of amorphous ZrO> NPs upon
addition of DNS and after photoirradiation.

This method is generalizable to several other oxide NP solutions obtained by either the
solvent exchange method (e.g., anatase TiO2 NPs) or by the NOBF; ligand stripping method®
(e.g., tetragonal phase ZrO> NPs, monoclinic HfO, NPs, and cubic phase ITO NPs), but with
nuances in terms of the ultimate concentrations achievable and percentage of DNS required for
patterning. For instance, NPs obtained from the ligand stripping method usually require less DNS
for patterning (as low as 1 wt % of DNS to NPs). We attribute this to their better monodispersity
and higher crystallinity, which lead to a smaller percolation threshold for 3D aggregation and a

steeper van der Waals attractive potential, respectively.
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3.4. Insights into the mechanism of patterning oxide NPs with DNS

The direct photopatterning process of oxide NPs with DNS is shown in Figure 3.5. First,
the ink is spincoated on a substrate to form a smooth layer of NPs (step 1). As the solvent
evaporates, the DNS molecules begin to interact more with the charged NPs and condense around
them. Even prior to its photodecomposition, the DNS molecules serve an important role as spacers
for the NPs, preventing them from aggregating irreversibly due to van der Waals forces. Hence,
without light exposure, we found that the NP-DNS films can be redissolved in DMF. In contrast,
oxide NPs deposited without DNS were found to be irreversibly insoluble in DMF upon drying.
In this case, we hypothesize that NPs fall into the primary wells of their DLVO pair potentials,

preventing any further manipulation of their solubilities.
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Figure 3.5. Direct photolithography process of oxide nanoparticles with DNS.

Area-selective photoirradiation of the NP-DNS film leads to the decomposition of DNS
into SICA in those regions (step 2 in Figure 3.5). This is confirmed with Fourier transform infrared
(FTIR) spectroscopy (Figure 3.6) by disappearance of the C=N=N and C-N=N stretching peaks
(2110 cm™® and 2164 cm® respectively)® and the appearance of carboxylic acid peaks (1710 cm®

11426 cm™). This is also corroborated by electrospray ionization mass spectroscopy (ESI-MS) in
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the negative ion mode (Figure 3.7A), which shows the molecular mass change from 2-DNS (m/z
= 249) to SICA (m/z = 239). This molecular mass change is consistent with the release of N> and
the reaction with adventitious water in DMF. This photodecomposition significantly reduces the
solubility of the film in the regions that were irradiated, while unexposed areas remain highly

soluble in DMF (step 3 in Scheme 1). Hence, oxide NP patterns are revealed upon development

with DMF.
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Figure 3.6. FTIR spectra of ZrO,-DNS films before irradiation, after irradiation, after
development, and after annealing at 400 °C.
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Figure 3.7. Electrospray ionization mass spectroscopy (ESI-MS) of 2-DNS in DMF before and
after irradiation. (A) Negative and (B) positive ion mode spectra.
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To understand how the photoconversion of DNS to SICA decreases NP film solubility, we
further investigated the chemical and physical changes that occur during this process. It is well-
known that the photodecomposition of DNQ-4-sulfonate esters results in a significant increase in
acidity.® In the case of DNS, ESI-MS measurements in the positive mode revealed a significant
increase in the (DMF-H)* to (DMF-Na)" ratio after irradiation of 2-DNS (Figure 3.7B). Na* ions
leached from glassware and present in solvents are commonly detected in ESI-MS. This
appreciable increase in the protonation of DMF means that the acidity of the solution has increased.
In other words, SICA is a stronger Brgnsted—Lowry acid than DNS, which allows it to protonate
DMF. Based on the calculation of pKa values using the ARChem SPARC software,**° we found
that the increase in acidity can be attributed to the ring hydrogen in SICA, which has a significantly

lower pKa value than both sulfonic and carboxylic acid hydrogens (Figure 3.8).
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Figure 3.8. Calculated microscopic pKa values of acidic protons of DNS-like compound (left) and
SICA (right) in a solvent of DMF. Calculation was done using the SPARC online calculator®*°.

Although our experimental and theoretical results support an increase in acidity upon
photodecomposition of DNS into SICA, they do not prove that this acidity change is primarily
responsible for the solubility change of the NPs. To probe this link, we carried out control
experiments with two commercial photoacid generators (PAGs)—an ionic PAG and a nonionic
PAG—that decompose under 365 nm light to produce strong acids (Figure 3.9). When either of

these two PAGs were used in replacement of DNS (at the same molar concentration), areas of the

48



film that were exposed to light increase in solubility, which is distinctively different than the
behavior of NP-DNS films. Thus, we infer that although the DNS to SICA conversion increases
the acidity of the film, this effect is probably not the primary reason for the solubility reduction of

the oxide NPs.
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Figure 3.9. Patterns formed by mixing ZrO> NPs with two other photoacid generators in
comparison with 2-DNS.

Another patterning mechanism which we considered involves the release of heat during
the conversion of DNS into SICA. This conversion includes a highly exothermic Wolff
rearrangement (—65 kcal/mol) that has been predicted to increase the local temperature up to 200
°C." Such highly localized hot spots could promote chemical reactions in the film, such as the

condensation of surface hydroxyl groups into Zr-O-Zr interparticle bonds that reduce film
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solubility. To determine the importance of this effect, we carried out a control experiment by
adding pre-irradiated DNS (i.e. SICA) to a solution of NPs (Figure 3.10). This resulted in an
immediate gelation of the NP solution, which means that the heat release is not essential for pattern
formation. However, this heat release may affect the diffusion rate of SICA, which has

implications for the line edge roughness and ultimate resolution of this patterning approach.

A B  7rO, NPs + Additive

g i
3; 19 Irradiate fay# ¢ Rotavap ﬁ
N 405 nm = Vacuum dry

N

(50 J/cm?) overnight
—_— —_—
o - Q
16 mg DNS SICAin H,0 SICA
in 3 mLH,0 SICA DNS BDA

Figure 3.10. Control mechanism studies with pre-irradiated DNS (SICA) and benzene-1,4-
dicarboxylic acid (BDA). (A) Process of obtaining SICA. (B) Photographs of amorphous ZrO, NP
solutions (13.7 wt%) upon the addition of SICA, DNS or BDA (0.136 M). Inset: NP solutions with
DNS and BDA showing the much higher viscosity (slow flow) of the BDS-NP solution.

Finally, we considered the differences in the way DNS and SICA interacts with the NP
surface. The decomposition of DNS into SICA involves a conversion of diazo and oxo groups into
a carboxylic acid group, which has strong affinity to NP surfaces acting as an X-type ligand. This
causes SICA to bind more strongly to NP surfaces, inhibiting the formation of electrostatic double-
layer repulsive interactions upon reintroduction of the DMF solvent. This effect is supported by a
significant decrease in the zeta potential of the NPs upon photoirradiation of DNS (Figure 3.4B).
Furthermore, the presence of two potential binding sites (the sulfonic and carboxylic acid groups)

in SICA allows it to serve as a crosslinker between two NPs, further cementing the NPs in place.
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As a control, we added an equimolar of benzene-1,4-dicarboxylic acid (BDA) to a solution of NPs
and observed that the solution had a significantly higher viscosity than a DNS-NP solution, but
did not gel like the SICA-NP solution (Figure 3.10B). Hence, our studies support a patterning
mechanism involving the significant increase in binding and cross-linking ability when DNS

photo-decomposes into SICA.

3.5. Direct optical lithography of oxide NPs with DNS.
The direct patterning of oxide NPs with DNS was found to be generalizable across various types
of NPs, provided that the NPs have good colloidal stability and form smooth films upon
spincoating. Figure 3.11 shows optical microscope images of direct optically patterned amorphous
and tetragonal ZrO; NPs, anatase TiO» NPs, monoclinic HfO, and cubic ITO NPs (the X-ray
diffraction spectra of lab synthesized NCs are shown in Figure 3.12). All these patterns result from
a pronounced decrease in NP solubility in regions that were exposed to 405 nm light. We also
demonstrated the patterning of other non-transparent and semiconducting NCs such as CeO; and
CdSe NCs (Figure 3.13). Figure 3.13B compares the absorption spectra of CdSe-Sn,Ss NCs
before and after they were mixed with DNS. The first excitonic peak shows almost no changes

indicating the CdSe NCs retain their mean size and monodispersity.
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Figure 3.11. Optical microscope images of various oxide NPs optically patterned using DNS. (A)
Amorphous ZrO> NPs, (B) tetragonal phase ZrO> NPs, (C) anatase TiO> NPs, (D) monoclinic HfO,
NPs, and (E) cubic phase indium tin oxide NPs.
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Figure 3.12. Powder XRD data of the synthesized ZrO», ITO and HfO> NCs.
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Figure 3.13. DOLFIN patterning with 405 nm photons. Absorption spectra of (A) DNS ligands in
DMF before (black) and after photodecomposition (red), and (B) Wz-CdSe- Sn,Ss NCs before
(black) and after (green) mixing with DNS. Inset: (A) DNS salts and (B) DNS based CdSe-Sn»Se
NCs ink in DMF. Optical microscopy images of equal spacing strips patterns obtained from DNS
based “bare” CeO2 NCs ink (C) and CdSe-Sn2Se NCs ink (D) using 405 nm photons.

For more in-depth studies, we chose amorphous ZrO> NPs as our model system due to ease
of processability and pattern robustness across a variety of parameters. The NPs can be patterned
on glass or silicon wafers using a variety of exposure wavelengths (365 nm, 375 nm, 405 nm, and
450 nm) and exposure systems (LED light through a chrome mask, maskless laser writer, and LED
display). We carried out resolution and thickness tests of the amorphous ZrO, NP patterns (Figure
3.14). The smallest pattern feature size was 1.2 um lines (Figure 3.14A), limited by the resolution
of our direct laser writer. The exposure doses were comparable to those used for commercial DNQ

resists,*? with a 500 nm thick film of ZrO2 NPs requiring a minimum dose of <100 mJ/cm?.
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Figure 3.14. Resolution and thickness tests of single-layer amorphous ZrO, NPs patterns on
silicon and glass substrates. Optical microscope images (A, B, E) and profilometer heights (C, F)
of the patterns. The dotted line in (F) indicates the height required for a material with n = 1.61 to
induce a 2w delay in the phase of 633 nm light. (D) Tilted SEM image of thick (overexposed)
patterns.

With regards to thickness, we patterned structures that are sufficiently thick to allow for
2m phase delay of visible light. The thickness, t, required to shift the phase of incident light by 2
is given by t = 1/(n— 1), where n is the refractive index of the material and A is the light
wavelength in vacuum.*® With an ellipsometer, we determined the refractive index of an
amorphous ZrO; film to be around n = 1.6 at 4 = 633 nm, which gives a thickness requirement
of about 1 um. With that in mind, we successfully deposited and patterned amorphous ZrO, NP
layers that were routinely thicker than 800 nm and even beyond 1 um (Figure 3.14B,C,F). The

patterns on glass surpass the requirement for 2 phase control in the visible (dotted line Figure
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3.14F), demonstrating the viability of this approach for the fabrication of diffractive optical
elements with full control over the phase of light.

The deposition of thick NP layers in a single step is often found to be challenging due to
internal stresses during film drying which leads to cracking.* Still, there have been reports
showing the deposition of smooth NP films that are several micrometers thick.*® To prepare
patterns of thick NP films, we optimized both the NP solution processing and the deposition
parameters. One straightforward way to increase film thickness is by increasing NP concentration.
However, this needs to be done while maintaining good colloidal stability. We found that higher
NP concentrations were attainable by introducing a hexane washing step before the final dispersion
of NPs in DMF. This additional washing step extracts the residual toluene that was previously
added as a nonsolvent to precipitate the NPs. Since hexane is immiscible with DMF and the NPs,
it simply evaporates away after the final dissolution of NPs in DMF. This allows significantly
higher NP concentrations to be formulated. Also, we found that infrared heating during spincoating
helped in the formation of smooth and thick NP films. Besides increasing the solvent evaporation
rate, the increased temperature may also relax the internal stresses in the film, reducing its
susceptibility to cracking.

We also evaluated the capability of our approach for multilayer patterning (Figure 3.15).
The process of deposition, irradiation, and development can be done repeatedly on the same
substrate in a layer-by-layer fashion (Figure 3.15). Using inks with different NP concentrations
for each layer, oxide patterns of varying heights should be attainable. Layers can even be deposited
on top of each other, allowing a total of (2™ — 1) height variations to be obtained after n number
of patterned layers. As proof of this concept, we patterned a multicolored parrot image by

depositing pixels of three different heights with only two deposition steps (Figure 3.15B-D). The
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height of each pixel was chosen such that thin-film interference produced the desired color
(magenta ~ 420 nm, green ~ 350 nm, and blue ~ 70 nm, measured by profilometry). This should
be extendable to many more layers, allowing it to be used for devices with variations in

topography, such as blazed diffraction gratings or colored printing.

Layer 1 350 nm

Substrate

Layer 2
350 nm 420 nm
70 nm

Substrate

2 mm

Figure 3.15. Multilayer direct patterning of oxide NPs. (A) Schematic of two-layer direct
patterning process to obtain pixels with three different heights. (B—D) Fabrication of a colored
parrot image by patterning two layers of amorphous ZrO> NPs. Low-magnification (B) and high-
magnification (C) optical microscope images. (D) Three-dimensional height profile from a
confocal optical microscope.
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3.6. Characterization of amorphous ZrO, NP-SICA films.

We evaluated the chemical, thermal and optical properties of ZrO> NP-SICA films. After
deposition and irradiation with 405 nm light, the films have good transparency in the visible and
near-IR regions (Figure 3.16A, red). However, there are strong mid-IR absorbing peaks due to
SICA (1710 cm, 1426 cm™) and Zr-OH (3370 cm?, 1370 cm™?), which remain even after DMF
development (Figure 3.16B, red and Figure 3.6). Annealing at 400 °C decomposes most of the
SICA from the film and condenses the Zr—OH groups into new Zr-O-Zr bonds (500-1000 cm™,
broad). Nevertheless, annealing is insufficient to induce crystallization of the ZrO, as indicated by

purely amorphous powder X-ray diffraction (XRD) peaks (Figure 3.17).

A B
< 100 2 100
® gol] Y
8 8o 8 804
c c
g e g 60
é 40 Quartz substrate E 40/ ZnSe substrate
@ —— 710, - SICA (70 °C) @ —— 710, - SICA (70 °C)
c 2 Zr0, (400 °C) & 20 |—2zr0, (400 °C)
= ' , . ' F oo . : :
500 1000 1500 2000 2500 4000 3000 2000 1000
Wavelength (nm) Wavenumber (cm™)
C D 3.96 nm
22¢———————————10.15
n (400 °C)
20 ——n (70 °C)
-1 —— Kk (400 °C)
koo |[%1°
c 1.8 >

15&

1 0.00

" 7300 400 500 600 700 800 900
Wavelength (nm) 0 0.3 um

Mean roughness = 0.37 nm

0

Figure 3.16. Optical and surface roughness characterization of amorphous ZrO> NP—SICA films.
Film transmission spectra in the visible and near-IR regions (A) and in the mid-IR region (B). (C)
Real and imaginary parts of the refractive index obtained by fitting spectroscopic ellipsometry data
to a Tauc—Lorentz model. (D) Atomic force microscopy image after annealing the film at 400 °C.
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Figure 3.17. Powder XRD data of amorphous ZrO, NPs mixed with 2-DNS before and after
annealing at 450 °C.

The result of the thermal treatment is an oxide layer that is highly transparent across a broad
range of wavelengths, from 300 nm to 10 um (Figure 3.16A,B, blue). The oscillations in the
transmittance spectrum of the annealed film (e.g., the dips around 300 nm and 750 nm) can be
attributed to thin-film interference effects, which is supported by good agreement of the measured

transmission data with optical modeling using the transfer matrix method (Figure 3.18).

100
AASAN
o\: 80 -
3
c 60
©
=
£ 40-
7]
&
e 20 Measured
Model - ZrO, (130 nm) on quartz
0

400 600 800 1000 1200 1400 1600 1800 2000

Wavelength (nm)

Figure 3.18. Measured and modeled data of a ZrO- film on a quartz substrate. The optical constants
(n and k) for the ZrO, layer were obtained from our spectroscopic ellipsometry measurements
(Figure 3.16C). The modeling used the transfer-matrix method with MATLAB code originally
written by the McGehee group, which is freely available.*%%
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The optical n and k constants of ZrO> NP films before and after annealing were obtained
by spectroscopic ellipsometry, with the oxide layer modeled by the Tauc—Lorentz dispersion
formula showing good fits with low y? values between the model and experimental data (Figure
3.16C and Figure 3.19). The results show that annealing at 400 °C increases the refractive index
of the film by about An = 0.2 throughout the visible region. The refractive index of the annealed
ZrO- layer is still lower than that of ZrO deposited by atomic layer deposition (n = 1.84 vs. n =
2.1 @ 633 nm),*® which shows that the NP film is not fully densified. This is common for solution-
deposited oxides, but methods such as high-pressure annealing can be used to achieve full
densification.*® We also measured the mean surface roughness of the annealed ZrO; film to be
0.37 nm by atomic force microscopy (AFM) (Figure 3.16D). This should allow for minimal
scattering loses, which further reinforces the suitability of our patterned films for high-efficiency
optical applications.
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Figure 3.19. Fits of the spectroscopic ellipsometry data to a Tauc—Lorentz model for the oxide
layer.
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3.7. Fabrication and testing of oxide NP gratings

As a proof-of-concept, we fabricated and tested diffractive optical elements (DOEs) made
with patterned ZrO NPs. DOEs are optical devices that spatially shape the wavefront of
propagating light. One of the simplest DOEs is the one-dimensional diffraction grating, which
consists of a periodic pattern of stripes that either block light (amplitude gratings) or retard its
phase (phase gratings). These changes lead to constructive and destructive interference in the far-
field and the formation of bright spots on a screen (Figure 3.20A). Phase gratings are attractive
due to their higher diffraction efficiencies, n,,, defined as the ratio of the power channeled into the
n-th order diffraction peak to the incident light power. Without considering Fresnel reflections, an
ideal binary (two-level) phase grating can channel 40.5% of the incident power into each of the
+1 diffraction order.®® This is achieved when the grating has exactly equal stripe and spacing

widths, with each stripe retarding the phase of light by exactly .
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Figure 3.20. Characterization of diffraction gratings made by patterning amorphous ZrO, NPs. (A)
Schematic showing the diffraction of a laser beam through a one-dimensional (1D) grating. Optical
microscope image of a 1D ZrO> NP grating (B) along with its diffraction pattern (C) and grating
efficiencies (D). The efficiencies of an ideal binary phase grating (theoretical) and a chromium
grating are shown for comparison. (E) Thermal stability and laser tolerance of a ZrO> NP grating
compared to a polymer grating. Thermal stability tests involved 10 minutes of heating on a hot
plate, while the laser test involved a 5 second exposure to the second harmonic generation (532
nm) of a pulsed Nd:YAG laser (10 Hz, ~25 mJ/pulse). Insets: Diffraction patterns produced by the
gratings.

We patterned ZrO> NPs stripes with 25 um line and spacing widths on a glass cover slip
(Figure 3.20B). Upon illumination with a red laser light (A = 650 nm), a diffraction pattern with
many visible diffraction orders was produced (Figure 3.20C). To obtain quantitative diffraction
efficiencies, we measured the zeroth and first order spots with a silicon detector and found that the
+1 and —1 orders contain 37% and 32% of the incident light power respectively (the difference
can be attributed to a small, nonzero angle of incidence), while the zeroth order spot contained less
than 2% of the incident power (Figure 3.20D). These metrics are significantly better than that of

a chromium amplitude mask (9% efficiencies for +1 and —1 diffraction orders) and should be

improvable with further finetuning of the film thickness.
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We also carried out thermal stability and laser tolerance tests on a ZrO, NP grating and
compared its behavior to a commercial polymer grating (Figure 3.20E). The ZrO. NP grating was
found to have good thermal stability up to the highest tested temperature of 500 °C, as shown by
good optical transparency and clear diffraction patterns. It also was not visibly damaged upon
irradiation upon a 5 s exposure to the second harmonic generation of a pulsed Nd:YAG laser at its
maximum power. In contrast, the polymer grating began to warp around 150 °C and was
completely unusable beyond 300 °C. It also visibly blackened upon exposure to the Nd:YAG laser.
Thus, these ZrO> NP DOEs have good tolerance to high temperatures and high-powered lasers,
which make them an appealing choice for applications that require such tolerance (e.g., gratings
for distributed feedback lasers).

Besides that, we also fabricated diffraction gratings made of bare CeO2 NCs that were
patterned by the addition of the photosensitizer N-hydroxy-naphthalimide triflate (Figure 3.21).
We demonstrate that both 1D and 2D diffraction gratings can be fabricated with good fidelity and

showing many high-order diffraction spots.
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Figure 3.21. Patterning diffraction gratings made of CeO, NCs. (A) Diffraction grating scheme
(Note: figures not drawn to scale). (B) Optical microscopy images of CeO> NCs in a 1D pattern.
(D-F) Diffraction patterns obtained by illuminating 1D grating patterns with red, green, and blue
CW laser. (C) Optical microscopy images of CeOz NCs in a 2D pattern. (G-I) Diffraction patterns
obtained by illuminating 2D grating patterns with red, green, and blue CW lasers.

The direct photopatterning of oxide NPs should also find utility in many other applications
besides the fabrication of DOEs. The facile patterning of ITO NPs will facilitate their usage as
transparent conducting electrodes in optoelectronic devices. Recent advances have shown that the
conductivity of solution-deposited 1TO can approach that of films deposited by vapor deposition
techniques.®>2 Moreover, doped ITO NPs with their optical properties tunable by NP size and
doping concentration are actively investigated for applications using localized surface plasmon
resonance (LSPR).%*%* Similarly, the ability to pattern TiO2 NPs can have implications for
photovoltaic, photocatalytic, and electrochromic applications by allowing the deposition of

optimal patterns that allow for better performance and interfacing.>®°
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3.8. Tunability and miscibility of oxide NPs for compositional and microstructural
control.

A significant advantage in utilizing solution-phase NPs is the access to a large library of
NPs with various optical, electrical, chemical, and thermal properties. Even NPs with the same
chemical composition can have nuances in terms of their crystal phase, shape, and surface
chemistries which influence their properties. For instance, highly crystalline NPs are already
highly compacted, and their atoms do not significantly rearrange or further densify upon annealing.
Thus, we found that patterns of tetragonal ZrO> NPs undergo no measurable shrinkage upon
annealing at 390 °C (Figure 3.22A). During this process, the refractive index of the film does not
significantly change (n ~ 1.73 @ 633 nm). Assuming the refractive index of ZrO, NPs is n =
2.15 and the gaps between them is air (n = 1), this gives a solid fraction of ¢z,.o, = 0.65 by the
symmetric Bruggeman effective medium approximation (or ¢z.o, = 0.63 by the volume-
weighted index method),>” which is close to the expected volume fraction of random closely
packed spheres. In contrast, amorphous ZrO> NP patterns shrank by about 33% upon annealing at
400 °C (Figure 3.22B), along with a refractive index increase fromn = 1.61to n = 1.84 at 633
nm, as discussed previously. This increased refractive index can be attributed to rearrangement
and condensation of Zr and O atoms, which allows the gaps between NPs to be filled. Besides
differences in the crystal phases, various NP shapes can also be explored in the future, such as

mesoporous ZrO, nanoframes.®®
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Figure 3.22. Pattering mixtures of NCs and NPs. Profilometer heights of patterned tetragonal
phase ZrO> NPs (A) and amorphous ZrO, NPs (B) before and after annealing. (C) Patterns of a
50:50 mixture of amorphous ZrO; NPs and tetragonal ZrO; NPs. (D) Refractive indices, n, of films
made from amorphous ZrO; NPs, tetragonal phase ZrO> NPs, and a 40:60 mixture of amorphous
and tetragonal phase ZrO, NPs (all annealed at 450 °C).

Further tuning of the patterned oxide layers can be done using mixtures of NPs. This
modular, “mix-and-match” approach can be used to synergistically combine the properties of two
or more NPs in a way that leads to better performance than each individual component. To
illustrate this concept, we patterned a mixture of amorphous ZrO2 NPs and tetragonal phase ZrO;
NPs (Figure 3.22C). We found that after annealing at 450 °C, layers containing a mixture of these
two NPs have a higher refractive index (n = 1.88) compared to layers of tetragonal ZrO, NPs
(n = 1.73) and amorphous ZrO2 NPs (n = 1.84) on their own (Figure 3.22D). We hypothesize
that this is due to the amorphous ZrO- filling in the gaps between the crystalline ZrO., forming
what is commonly referred to as a “glass-ceramic”.°%®° Traditional approaches for the fabrication
of glass-ceramic composites typically rely upon carefully controlled nucleation of crystals in a

glassy matrix at high temperatures (often >1500 °C).%% In contrast, our method allows for each
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oxide component to be synthesized separately, mixed together in desired ratios and finally
patterned directly under mild conditions. Thus, our approach utilizes the versatility and
convenience of colloidal NPs in the facile fabrication of increasingly sophisticated metal oxide
patterns. It is also worth mentioning that multiple components can be reliably co-integrated within

individual NPs, e.g., in from of core-shell or dumbbell nano-heterostructures.%:-%2

3.9. Discussion on NPs that require more optimization.

Some oxide NPs require further optimizations of their ink formulation. For instance, NPs
in basic aqueous solutions (e.g., with NH4* counterions) or acidic NPs with stronger coordinating
anions (e.g., CI, acetate) do not easily form colloidal solutions in DMF upon solvent exchange.
This could be attributed to the either a decrease in the dielectric constant (from 80 for water to 38
for DMF) or changes in the Hansen solubility parameters (i.e., dispersion, dipolar and hydrogen
bonding forces) when exchanging H20O for DMF. Also, since this pattering approach relies on DNS
(about 1 nm in size) acting as a spacer between NPs, larger colloids (>50 nm) that are often formed
in less controlled sol-gel syntheses would probably not work due to the significant increase in van

der Waals attractive forces at small separations (Figure 3.23).
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Figure 3.23. Plots of van der Waals interaction energy between two spheres. The size of two DNS
molecules is roughly approximated to be 1.5 nm (from Chem3D) and is shown as a dotted line.

In other cases, NPs were successfully ligand-stripped with NOBF4 and stabilized in DMF,
but were not compatible with DNS. This leads to either the precipitation of NPs when DNS is
added, or phase separation during spincoating (producing bad quality films that are not
patternable). These effects occurred for TOPO-capped TiO2 NPs, oleylamine-capped HfO2 NPs,
and oleylamine-capped ZrO, NPs. We attribute this to low surface charge densities leading to
insufficient colloidal stability. In addition, we determined that residue long-chain organic ligands
on the NP surface can also interfere with the pattern formation. We found that residue
pyrophosphate after NOBF4 stripping of TOPO-capped ZrO, NPs caused the NPs to remain
soluble even after DNS to SICA photoconversion (Figure 3.24). By using harsher washing
conditions which removed the bound pyrophosphate ligands, these NPs could be successfully

patterned.
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Figure 3.24. (A) *'P-NMR spectra of ZrO,-TOPO NPs and HfO,-TOPO NPs as synthesized. (B)
3IP-NMR spectra of ZrO,-TOPO NPs after different surface treatment procedures.

3.10. Conclusion

In summary, we developed a general approach for direct optical patterning of metal oxide
NPs that is polymer-free and uses minimal organics, thus circumventing the limitations of
inorganic—organic hybrid patterning methods. The photosensitive oxide inks were formulated by
mixing various electrostatically stabilized oxide NPs with the photosensitive 1-diazo-2-naphthol-
4-sulfonic acid in DMF. Thick layers (>1 um) of amorphous ZrO> NPs can be patterned, allowing
for 2m phase control of visible light. The oxide films have a high refractive index, good
transparency across a wide wavelength range (300 nm — 10 um), and low mean surface
roughness. Multilayer patterning was also shown through the fabrication of a structurally colored
parrot image by depositing pixels of different thickness. We then used this patterning platform to
make efficient diffractive optical elements (e.g., diffractive gratings) that are thermally and
optically robust. Finally, we demonstrated the ability to pattern mixtures of NPs, which allow for

increased compositional variability and complexity.
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3.11. Materials and methods.

Sources/syntheses of oxide nanoparticles. Amorphous ZrO. NPs with nitrate counterions
(Zr10/15) were obtained as aqueous dispersions from Nyacol Nano Technologies, Inc. Titanium
oxide NPs (Anatase, 15 wt %, 30 nm) were obtained from Nanostructured and Amorphous
Materials, Inc.

Tin-doped indium oxide NPs capped with oleic acid/oleylamine were synthesized using a
procedure by Lounis et al.%® Briefly, In(acetate)s (1.02 mmol), Sn(ethylhexanoate), (0.18 mmol),
octanoic acid (3.6 mmol), and oleylamine (10 mmol) were mixed with 10 mL of octyl ether and
degassed at 80 °C for 30 minutes. The temperature was then increased to 150 °C under N2 and held
there for 1 hour. The temperature was then further increased to 280 °C and held there for another
2 hours. The NCs were purified several times by ethanol and toluene.

Tetragonal zirconia NPs capped with TOPO were synthesized by a procedure by Joo et
al.'8 Briefly, trioctylphosphine oxide (30 g) was degassed at 80 °C for 1 hour in a 3-neck round-
bottom flask. The flask was sealed, brought into a glove box and Zr(O-iPr)4-(IPA) (2.34 g, 6 mmol)
and ZrCls (1.75 g, 7.5 mmol) was added. The mixture was then degassed again at 70 °C for 30
mins. Under nitrogen, the solution was heated to 340 °C and held there for 2 hours. The NCs were
purified several times by acetone and toluene.

Monoclinic HfO2 NPs capped with TOPO were synthesized by a procedure by Tirosh et
al.%* Briefly, trioctylphosphine oxide (30 g) was degassed at 80 °C for 1 hour in a 3-neck round-
bottom flask. The flask was sealed, brought into a glove box and Hf(O-iPr)4- (IPA) (2.85 g. 6 mmol)
and HfCl4 (1.95 g, 6 mmol) was added. The mixture was then degassed again at 70 °C for 30 mins.
Under nitrogen, the solution was heated to 360 °C and held there for 2 hours. The NCs were

purified several times by acetone and toluene.
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Preparation of NP-DNS ink

Nanoparticles in aqueous solution. For NPs colloidally stabilized by electrostatic
interactions in water, a solvent exchange procedure to disperse NPs in DMF was developed. Using
amorphous ZrO, NPs from Nyacol Nanotechnologies, Inc as an example, acetone (41 mL) was
added to precipitate the ZrO2 NP solution (13.4 wt %, 4 mL). The suspension was centrifuged and
the pellet redispersed in DMF (8 mL), which was left to equilibrate overnight. The NPs were
precipitated with the addition of toluene (17 mL) followed by centrifugation. The pellet was
washed with hexane (15 mL) to remove residue toluene and then centrifuged. Finally, the pellet
was dissolved in DMF at the desired concentration (>300 mg/mL achievable), with the help of
vortexing, sonication and stirring. The NP solution was aged overnight before subsequent steps.

Organic-capped nanoparticles in nonpolar solvents. Organic-capped NPs were stripped
of their native ligands by a modified NOBF4 stripping method, by adding NOBF4 in DMF (0.1
mL, ~20 mg/mL) to NP solution (1 mL, ~10 mg/mL). Flocculation of NPs was observed within
a few seconds. The suspension was then vortexed and centrifuged. The supernatant was discarded
and the pellet redispersed in DMF (0.1 mL), forming a clear solution. Toluene (1 mL) was added
to precipitate NPs and the suspension was centrifuged. The redispersion, precipitation and
centrifugation were repeated one more time. The pellet was vortexed with hexane (1 mL) to extract
residual toluene and the formed suspension was centrifuged. Finally, the pellet was dispersed in
DMF at the desired concentration (>100 mg/mL typically achievable).

Mixing nanoparticles with DNS. To obtain the photosensitive oxide ink, DNS was mixed
(either directly as a solid or predissolved in DMF) with NP solution in DMF. The NP concentration
was first determined by measuring the residue solid weight after drying about 100 uL of solution

in a vacuum oven at 60 °C overnight. An amount of DNS between 1 and 25 wt % relative to the
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dried NP weight was used depending on the type of NPs. The mixture needs to be aged for several

hours to work properly in subsequent steps.

Direct photolithography using nanoparticle-DNS ink

Silicon substrates and glass cover slips were first cleaned by sonication in acetone (10
mins) and then in IPA (10 mins). They were then treated with O2 plasma (> 10 mins) immediately
prior to usage. The nanoparticle-DNS ink was then spincoated on a substrate with a rotation speed
between 300 and 8,000 rpm. Then, selective-area light exposure was carried out by one of two
methods: (1) a home-made contact lithography setup which involves clamping the substrate with
a chrome mask using two binder clips and exposing with an LED light source (M405LP-C1-405
nm, Thorlabs, measured power density ~30 mJ/cm?) or (2) a maskless direct-write laser system
(MLA150, 405/375 nm, Heidelberg Instruments) in a cleanroom. After exposure, the patterns were
developed by immersing the substrate into the DMF developer solvent, rinsed with IPA, and blow
dried with a N2 gun.

For multilayer patterning, the above procedure was followed by a brief annealing step (e.g.,
70 °C, 2 mins), followed by an O, plasma treatment before the next deposition step. For samples
that required precise alignment between the first and second pattern steps, five crosshair alignment
marks were patterned in the first step and used for the alignment during the second step using the
MLA150 software.

There are several modifications of this procedure depending on the NPs used. For
amorphous ZrO> NPs, a postexposure bake step (70 °C, 30s) is necessary, particularly for thick
films. In some cases, immersing the substrate into a 2-methoxyethanol, 2-ME (for ~10 s) prior to

DMF development helps to reduce cracking of the patterned film.

71



3.12. Chapter bibliography.

1. Fortunato, E.; Barquinha, P.; Martins, R., Oxide semiconductor thin-film transistors: a
review of recent advances. Adv. Mater. 2012, 24 (22), 2945-2986.

2. Dai, J.; Ogbeide, O.; Macadam, N.; Sun, Q.; Yu, W.; Li, Y.; Su, B.-L.; Hasan, T.; Huang,
X.; Huang, W., Printed gas sensors. Chem. Soc. Rev. 2020, 49 (6), 1756-1789.

3. Kip, D., Photorefractive waveguides in oxide crystals: fabrication, properties, and
applications. Appl. Phys. B 1998, 67 (2), 131-150.

4. Yamada, I.; Ikeda, Y., Sol-gel zirconia diffraction grating using a soft imprinting process.
Appl. Opt. 2017, 56 (17), 5054-5059.

5. Devlin, R. C.; Khorasaninejad, M.; Chen, W. T.; Oh, J.; Capasso, F., Broadband high-
efficiency dielectric metasurfaces for the visible spectrum. Proc. Natl. Acad. Sci. U. S. A. 2016,
113 (38), 10473-10478.

6. Park, J.-S.; Zhang, S.; She, A.; Chen, W. T.; Lin, P.; Yousef, K. M. A.; Cheng, J.-X;
Capasso, F., All-Glass, Large Metalens at Visible Wavelength Using Deep-Ultraviolet Projection
Lithography. Nano Lett. 2019, 19 (12), 8673-8682.

7. Yeh, C. C.; Zan, H. W.; Soppera, O., Solution-Based Micro- and Nanoscale Metal Oxide
Structures Formed by Direct Patterning for Electro-Optical Applications. Adv. Mater. 2018, 30
(50), 1800923.

8. Kothari, R.; Beaulieu, M. R.; Hendricks, N. R.; Li, S.; Watkins, J. J., Direct Patterning of
Robust One-Dimensional, Two-Dimensional, and Three-Dimensional Crystalline Metal Oxide
Nanostructures Using Imprint Lithography and Nanoparticle Dispersion Inks. Chem. Mater.
2017, 29 (9), 3908-3918.

9. Duoss, E. B.; Twardowski, M.; Lewis, J. A., Sol-Gel Inks for Direct-Write Assembly of
Functional Oxides. Adv. Mater. 2007, 19 (21), 3485-3489.

10. Su, M.; Liu, X.; Li, S.-Y.; Dravid, V. P.; Mirkin, C. A., Moving beyond Molecules:
Patterning Solid-State Features via Dip-Pen Nanolithography with Sol-Based Inks. J. Am. Chem.
Soc. 2002, 124 (8), 1560-1561.

11.  Jiang, J.; Chakrabarty, S.; Yu, M.; Ober, C. K., Metal oxide nanoparticle photoresists for
EUV patterning. J. Photopolym. Sci. Technol. 2014, 27 (5), 663-666.

12.  Saifullah, M.; Subramanian, K.; Tapley, E.; Kang, D.-J.; Welland, M.; Butler, M., Sub-10
nm electron beam nanolithography using spin-coatable TiO2 resists. Nano Lett. 2003, 3 (11),
1587-1591.

13. Kotz, F.; Arnold, K.; Bauer, W.; Schild, D.; Keller, N.; Sachsenheimer, K.; Nargang, T.
M.; Richter, C.; Helmer, D.; Rapp, B. E., Three-dimensional printing of transparent fused silica
glass. Nature 2017, 544 (7650), 337.

72



14. Yee, D. W.; Lifson, M. L.; Edwards, B. W.; Greer, J. R., Additive Manufacturing of 3D-
Architected Multifunctional Metal Oxides. Adv. Mater. 2019, 31 (33), 1901345.

15.  Jiang, C.; Lee, J.-S,; Talapin, D. V., Soluble Precursors for CulnSe2, Culn1-xGaxSe2,
and Cu2ZnSn(S,Se)4 Based on Colloidal Nanocrystals and Molecular Metal Chalcogenide
Surface Ligands. J. Am. Chem. Soc. 2012, 134 (11), 5010-5013.

16.  Hench, L. L.; West, J. K., The sol-gel process. Chem. Rev. 1990, 90 (1), 33-72.

17. Park, J.; Joo, J.; Kwon, S. G.; Jang, Y.; Hyeon, T., Synthesis of Monodisperse Spherical
Nanocrystals. Angew. Chem. Int. Ed. 2007, 46 (25), 4630-4660.

18.  Joo, J.; Yu, T.; Kim, Y. W.; Park, H. M.; Wu, F.; Zhang, J. Z.; Hyeon, T., Multigram
scale synthesis and characterization of monodisperse tetragonal zirconia nanocrystals. J. Am.
Chem. Soc. 2003, 125 (21), 6553-6557.

19. Kanehara, M.; Koike, H.; Yoshinaga, T.; Teranishi, T., Indium Tin Oxide Nanoparticles
with Compositionally Tunable Surface Plasmon Resonance Frequencies in the Near-IR Region.
J. Am. Chem. Soc. 2009, 131 (49), 17736-17737.

20. Rodriguez, J. A.; Fernandez-Garcia, M., Synthesis, properties, and applications of oxide
nanomaterials. John Wiley & Sons: 2007; p 379-713

21. Liu, J.-g.; Nakamura, Y.; Ogura, T.; Shibasaki, Y.; Ando, S.; Ueda, M., Optically
transparent sulfur-containing polyimide— TiO2 nanocomposite films with high refractive index
and negative pattern formation from poly (amic acid)— TiO2 nanocomposite film. Chem. Mater.
2007, 20 (1), 273-281.

22. Loste, J.; Lopez-Cuesta, J.-M.; Billon, L.; Garay, H.; Save, M., Transparent polymer
nanocomposites: An overview on their synthesis and advanced properties. Prog. Polym. Sci.
2019, 89, 133-158.

23.  Trikeriotis, M.; Bae, W. J.; Schwartz, E.; Krysak, M.; Lafferty, N.; Xie, P.; Smith, B.;
Zimmerman, P.; Ober, C.; Giannelis, E., Development of an inorganic photoresist for DUV,
EUV, and electron beam imaging. SPIE: 2010; Vol. 7639.

24, Li, L.; Liu, X.; Pal, S.; Wang, S.; Ober, C. K.; Giannelis, E. P., Extreme ultraviolet resist
materials for sub-7 nm patterning. Chem. Soc. Rev. 2017, 46 (16), 4855-4866.

25.  Jun, S.;Jang, E.; Park, J.; Kim, J., Photopatterned semiconductor nanocrystals and their
electroluminescence from hybrid light-emitting devices. Langmuir 2006, 22 (6), 2407-2410.

26.  Wei, Y.; Li, X.; Chen, Y.; Cheng, Z.; Xiao, H.; Li, X.; Ding, J.; Lin, J., In Situ Light-
Initiated Ligands Cross-Linking Enables Efficient All-Solution-Processed Perovskite Light-
Emitting Diodes. J. Phys. Chem. Lett. 2020, 11 (3), 1154-1161.

73



27. Hahm, D.; Park, J.; Jeong, I.; Rhee, S.; Lee, T.; Lee, C.; Chung, S.; Bae, W. K.; Lee, S,
Surface Engineered Colloidal Quantum Dots for Complete Green Process. ACS Appl. Mater.
Interfaces 2020, 12 (9), 10563-10570.

28. Kim, W. J.; Kim, S. J.; Lee, K.-S.; Samoc, M.; Cartwright, A. N.; Prasad, P. N., Robust
microstructures using UV photopatternable semiconductor nanocrystals. Nano Lett. 2008, 8 (10),
3262-3265.

29. Zhu, J.; Lin, H.; Kim, Y.; Yang, M.; Skakuj, K.; Du, J. S.; Lee, B.; Schatz, G. C.; Van
Duyne, R. P.; Mirkin, C. A., Light-Responsive Colloidal Crystals Engineered with DNA. Adv.
Mater. 2020, 32 (8), 1906600.

30.  Wang, Y.; Fedin, I.; Zhang, H.; Talapin, D. V., Direct optical lithography of functional
inorganic nanomaterials. Science 2017, 357 (6349), 385-388.

31.  Wang, Y.; Pan, J.-A.; Wu, H.; Talapin, D. V., Direct Wavelength-Selective Optical and
Electron-Beam Lithography of Functional Inorganic Nanomaterials. ACS Nano 2019, 13 (12),
13917-13931.

32.  Talapin, D. V; Lee, J.-S.; Kovalenko, M. V.; Shevchenko, E. V., Prospects of Colloidal
Nanocrystals for Electronic and Optoelectronic Applications. Chem. Rev. 2010, 110 (1), 389-
458.

33. Dammel, R., Diazonaphthoquinone-based resists. SPIE press: 1993; Vol. 11.

34.  Zhang, H.; Jang, J.; Liu, W.; Talapin, D. V., Colloidal nanocrystals with inorganic halide,
pseudohalide, and halometallate ligands. ACS Nano 2014, 8 (7), 7359-7369.

35. Dong, A.; Ye, X.; Chen, J.; Kang, Y.; Gordon, T.; Kikkawa, J. M.; Murray, C. B., A
generalized ligand-exchange strategy enabling sequential surface functionalization of colloidal
nanocrystals. J. Am. Chem. Soc. 2010, 133 (4), 998-1006.

36. Nag, A.; Kovalenko, M. V.; Lee, J.-S.; Liu, W.; Spokoyny, B.; Talapin, D. V., Metal-free
inorganic ligands for colloidal nanocrystals: S2—, HS—, Se2—, HSe—, Te2—, HTe—, TeS32—, OH-,
and NH2-as surface ligands. J. Am. Chem. Soc. 2011, 133 (27), 10612-10620.

37. Huang, J.; Liu, W.; Dolzhnikov, D. S.; Protesescu, L.; Kovalenko, M. V.; Koo, B.;
Chattopadhyay, S.; Shenchenko, E. V.; Talapin, D. V., Surface functionalization of
semiconductor and oxide nanocrystals with small inorganic oxoanions (PO43—, MoO42-) and
polyoxometalate ligands. ACS Nano 2014, 8 (9), 9388-9402.

38. Rodionova, G.; Yablokova, V.; Tuchin, Y. G.; Partalla, N.; Erlikh, R., Absorption spectra
and structures of some o-naphthoquinone diazides. J. Appl. Spectrosc. 1989, 51 (4), 1068-1071.

39.  The ARChem SPARC Calculator. http://www.archemcalc.com/sparc-web/calc (accessed
3/2020).

74


http://www.archemcalc.com/sparc-web/calc

40. Hilal, S. H.; Karickhoff, S. W.; Carreira, L. A., A Rigorous Test for SPARC's Chemical
Reactivity Models: Estimation of More Than 4300 lonization pKas. Quant. Struct.-Act. Relat.
1995, 14 (4), 348-355.

41. Reiser, A.; Huang, J. P.; He, X.; Yeh, T. F.; Jha, S.; Shih, H. Y.; Kim, M. S.; Han, Y. K;
Yan, K., The molecular mechanism of novolak—diazonaphthoquinone resists. Eur. Polym. J.
2002, 38 (4), 619-629.

42.  Ellman, M.; Rodriguez, A.; Pérez, N.; Echeverria, M.; Verevkin, Y. K.; Peng, C. S;
Berthou, T.; Wang, Z.; Olaizola, S. M.; Ayerdi, 1., High-power laser interference lithography
process on photoresist: Effect of laser fluence and polarisation. Appl. Surf. Sci. 2009, 255 (10),
5537-5541.

43.  Khorasaninejad, M.; Capasso, F., Metalenses: Versatile multifunctional photonic
components. Science 2017, 358 (6367), eaam8100.

44, Prosser, J. H.; Brugarolas, T.; Lee, S.; Nolte, A. J.; Lee, D., Avoiding cracks in
nanoparticle films. Nano Lett. 2012, 12 (10), 5287-5291.

45, Lin, Q.; Yun, H. J,; Liu, W.; Song, H.-J.; Makarov, N. S.; Isaienko, O.; Nakotte, T.;
Chen, G.; Luo, H.; Klimov, V. I, Phase-transfer ligand exchange of lead chalcogenide quantum
dots for direct deposition of thick, highly conductive films. J. Am. Chem. Soc. 2017, 139 (19),
6644-6653.

46. Burkhard, G. F.; Hoke, E. T.; McGehee, M. D., Accounting for Interference, Scattering,
and Electrode Absorption to Make Accurate Internal Quantum Efficiency Measurements in
Organic and Other Thin Solar Cells. Adv. Mater. 2010, 22 (30), 3293-3297.

47. Hoke, E. T. Transfer Matrix
https://github.com/erichoke/Stanford/blob/master/TransferMatrix Matlab/TransferMatrix.m
(accessed 11/23/2020).

48. Hausmann, D. M.; Kim, E.; Becker, J.; Gordon, R. G., Atomic layer deposition of
hafnium and zirconium oxides using metal amide precursors. Chem. Mater. 2002, 14 (10), 4350-
4358.

49, Kim, S. J.; Yoon, D. H.; Rim, Y. S.; Kim, H. J., Low-temperature solution-processed
ZrO2 gate insulators for thin-film transistors using high-pressure annealing. Electrochem. Solid-
State Lett. 2011, 14 (11), E35-E37.

50. Magnusson, R.; Gaylord, T. K., Diffraction efficiencies of thin phase gratings with
arbitrary grating shape. J. Opt. Soc. Am. 1978, 68 (6), 806-809.

51. Kim, B. H.; Staller, C. M.; Cho, S. H.; Heo, S.; Garrison, C. E.; Kim, J.; Milliron, D. J.,
High Mobility in Nanocrystal-Based Transparent Conducting Oxide Thin Films. ACS Nano
2018, 12 (4), 3200-3208.

75


https://github.com/erichoke/Stanford/blob/master/TransferMatrix_Matlab/TransferMatrix.m

52. Lee, J.; Lee, S.; Li, G.; Petruska, M. A.; Paine, D. C.; Sun, S., A facile solution-phase
approach to transparent and conducting ITO nanocrystal assemblies. J. Am. Chem. Soc. 2012,
134 (32), 13410-13414.

53.  Staller, C. M.; Gibbs, S. L.; Saez Cabezas, C. A.; Milliron, D. J., Quantitative Analysis of
Extinction Coefficients of Tin-Doped Indium Oxide Nanocrystal Ensembles. Nano Lett. 2019, 19
(11), 8149-8154.

54.  Agrawal, A.; Cho, S. H.; Zandi, O.; Ghosh, S.; Johns, R. W.; Milliron, D. J., Localized
Surface Plasmon Resonance in Semiconductor Nanocrystals. Chem. Rev. 2018, 118 (6), 3121-
3207.

55. Chen, X.; Mao, S. S., Titanium Dioxide Nanomaterials: Synthesis, Properties,
Modifications, and Applications. Chem. Rev. 2007, 107 (7), 2891-29509.

56.  Zhang, S.; Cao, S.; Zhang, T.; Lee, J. Y., Plasmonic Oxygen-Deficient TiO2-x
Nanocrystals for Dual-Band Electrochromic Smart Windows with Efficient Energy Recycling.
Adv. Mater. 2020, 2004686.

57.  Cook, K. T.; Tettey, K. E.; Bunch, R. M.; Lee, D.; Nolte, A. J., One-step index-tunable
antireflection coatings from aggregated silica nanoparticles. ACS Appl. Mater. Interfaces 2012, 4
(12), 6426-6431.

58. Wang, H.; Chen, H.; Ni, B.; Wang, K.; He, T.; Wu, Y.; Wang, X., Mesoporous ZrO2
Nanoframes for Biomass Upgrading. ACS Appl. Mater. Interfaces 2017, 9 (32), 26897-26906.

59. Fu, L.; Xie, L.; Fu, W.; Hu, S.; Zhang, Z.-B.; Leifer, K.; Engqvist, H.; Xia, W., Ultra-
strong translucent glass ceramic with nanocrystalline, biomimetic structure. Nano Lett. 2018, 18
(11), 7146-7154.

60. Beall, G. H.; Duke, D. A., Transparent glass-ceramics. J. Mater. Sci. 1969, 4 (4), 340-
352.

61. Hines, M. A.; Guyot-Sionnest, P., Synthesis and Characterization of Strongly
Luminescing ZnS-Capped CdSe Nanocrystals. The Journal of Physical Chemistry 1996, 100 (2),
468-471.

62.  Yu, H.; Chen, M.; Rice, P. M.; Wang, S. X.; White, R. L.; Sun, S., Dumbbell-like
Bifunctional Au—Fe304 Nanoparticles. Nano Lett. 2005, 5 (2), 379-382.

63. Lounis, S. D.; Runnerstrom, E. L.; Bergerud, A.; Nordlund, D.; Milliron, D. J., Influence
of dopant distribution on the plasmonic properties of indium tin oxide nanocrystals. J. Am.
Chem. Soc. 2014, 136 (19), 7110-7116.

64.  Tirosh, E.; Markovich, G., Control of defects and magnetic properties in colloidal HfFO2
nanorods. Adv. Mater. 2007, 19 (18), 2608-2612.

76



Chapter 4. Direct optical lithography of CsPbX3 nanocrystals via
photoinduced ligand cleavage with post-patterning chemical modification and
electronic coupling

Adapted with permission from J.-A. Pan et al. Nano Lett., 2021, 21, 18, 7609-7616. Copyright
2021 American Chemical Society.
4.1. Introduction

Colloidal lead halide perovskite (LHP) nanocrystals (NCs) have been intensely
investigated due to their facile solution-phase syntheses, defect tolerance, and fascinating
optoelectronic properties.* LHP NCs have been researched for use in light emitting diodes
(LEDs),>" color conversion filters,® lasers,®! solar cells,*?3 visible-light photodetectors,'* X-ray
scintillators,'>1® and quantum emitters.t” As the library of LHP NCs and perovskite-related
nanomaterials continue to expand toward increased complexity, there is a need to develop methods
for integrating LHP NCs in practical devices. In particular, the NCs need to be controllably
deposited as a two-dimensional pattern for proper interfacing with other electronic and photonic
components. This patterning process is also required for the integration of LHP NCs in many
display technologies.

Various approaches to patterning perovskite nanomaterials have been reported including
micro/nano-imprinting,*®° ink jet printing,2°?! X-ray lithography,?? electron-beam lithography,?
and photolithography. Among these techniques, photolithography is a particularly attractive route
due to its high resolution, high throughput, and wide availability. Unfortunately, the ionic nature
of LHP NCs typically makes them incompatible with traditional photolithography workflows that
use polar solvents. To overcome this issue, modifications to either the NCs or the photolithography
process have been explored such as using silica-encapsulated LHP NCs,® orthogonal fluorinated

photoresist and developer,?* and adding a self-healing recrystallization step.®
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Alternatively, LHP NCs can be photopatterned directly by including a photosensitive
component into the LHP NC solution (or LHP NC precursor solution). This can be done by using
cross-linkable ligands,?>2® embedding the LHP NCs in a monomer matrix that can be photo-
polymerized,? or in situ crystallization of LHP NCs in an oxide/polymer matrix with a pulsed
laser.2%-3! These approaches typically result in a patterned nanocomposite consisting of LHP NCs
dispersed in an insulating matrix, which can be helpful for increasing the chemical stability of the
LHP NCs. However, this process prevents electrical contact with the NCs, which is crucial for
devices such as LEDs and photodetectors. Furthermore, the NCs in these nanocomposites are
sealed off from further chemical manipulations such as ligand and ion exchanges. Also, the large
separation between LHP NCs in a matrix would preclude any coherent coupling effects such as
superfluorescence.3?-32

We recently introduced a patterning approach for colloidal nanomaterials which we call
direct optical lithography of functional inorganic nanomaterials (DOLFIN).%*2% The DOLFIN
approach involves the use of small-molecule photosensitizers that interact with the NC surface
upon light exposure, allowing the solubility of the NCs to be modulated, forming micropatterns.
We have used this framework to develop a library of photosensitive ligand chemistry for patterning
semiconductor, dielectric, metallic and magnetic NCs. In parallel, we have demonstrated the
fabrication of various high-performing patterned devices such as transistors, LEDs, and diffractive
optical elements.®>" However, these methods typically involve polar solvents such as DMF
and/or ligand-exchange reactions, both of which degrade LHP NCs.

Here, we explore the direct optical lithography of CsPbBrz; and CsPbBrz«Clx LHP NCs
through a light-induced ligand cleavage mechanism. A photosensitive oxime sulfonate ester

(-C=N-0SO0O0-) is first mixed with the NCs to displace some of the native ligands. Upon
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irradiation of 405 nm light through a mask, the photosensitive ligand cleaves, rendering the NCs
insoluble in toluene and resulting in micro-scale patterns. Post-patterning ligand exchange replaces
the sulfonate ligand with more appropriate ligands that can better passivate the NC surfaces,
increasing the absolute photoluminescence quantum yield (PLQY) of patterned films up to 76%.
Furthermore, post-patterning anion exchange allows the emission wavelength to be tuned across
the visible spectrum. Finally, we demonstrate that the patterned NC layer behaves as a
photoconductor when illuminated with visible light. Together our results demonstrate a versatile

process for patterning LHP NCs which are chemically and electronically accessible.

4.2. Direct optical patterning of CsPbXs NCs with oxime sulfonate esters

CsPbBrs NCs capped with oleic acid (OAc) and oleylamine (OAmM) were prepared using a
modified benzoyl halide hot injection method.*® These NCs were then mixed with a solution of a
photosensitive oxime sulfonate ester such as PA-480, which partially replaced the native ligands
(Figure 4.1). This solution was then spin-coated to form a film, which was then irradiated with
405 nm light through a mask. This light exposure decomposes the photosensitive PA-480, reducing
the solubility of the NCs in the toluene developer and results in a patterned film. Finally, the
patterned films can be treated with a variety of solutions that allow for ligand and/or anion

exchange.
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Figure 4.1. Outline of the processing steps for direct photolithography of CsPbX3 LHP NCs with
the photosensitive oxime sulfonate ester.
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The patterned CsPbBrz NC films were visibly luminescent as viewed under a fluorescence
optical microscope with features sizes as small as 1 um (Figure 4.2A-C). However, the PLQY
immediately after development with toluene was low (< 5%), which we attribute to the poor ability
of the sulfonate ligand to passivate surface defects, combined with partial removal of labile surface
ligands by excess toluene. Hence, we investigated the use of several solution-phase treatments to
further improve the PLQY. Many chemical treatments to improve the PLQY of LHP NCs have
been reported,®*** but we had to adapt these methods as a film-based treatment. We found that
film-treatments had to be carried out in a non-solvent such as ethyl acetate to prevent redissolution
of the patterned films. After screening several combinations of ligands and other additives, we
found that two successive spin-coating treatments with an ethyl acetate solution of PbBr», octanoic

acid (OctAc) and butylamine (BuAm) increased the film PLQY to 79% (Figure 4.2E). The PL
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lifetime after this PbBro/OctAc/BuAm treatment was also longer (tavg = 7.3 nS) compared to the
as-synthesized CsPbBrz OAm/OAc NCs (tavg = 4.8 ns), as shown in Figure 4.3. OcAc and BuAm
react to form butylammonium octanoate, which binds to the NC surface as X-type ligands similar
to oleylammonium oleate.** However, butylammonium octanoate is significantly smaller than
oleylammonium oleate which should allow it to better penetrate through the nano-porous film. At
the same time, PbBr» has been reported to introduce excess Br- anions which also help passivate
the NC surface.*® We also investigated the effect of adding trifluoroacetate (TFA) ions, which has
been found to bind stronger to the surface lead ions, leading to better passivation.®® TFA is also
smaller than OctAc and should increase the electronic contact between the NCs. When a treatment
of PbBro/OctAc/BUAM/TFA was used, the PLQY was roughly the same (76%), but the PL lifetime
was slightly reduced (tavg = 3.5 Nns), which is consistent with an increase in electronic coupling.
Finally, we note that the PLQY values attained through this film treatment method is still lower
than the reported >95% obtained by solution-phase treatment,*® which could be due to

inaccessibility of a small amount of unpassivated surface sites after film deposition.
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Figure 4.2. Patterns of CsPbBr3; NCs changes to their PLQY with various treatments. (A-C)
Fluorescence optical microscope images of micro-patterned films of CsPbBr; NCs with the PA-
480 photosensitizer. Inset in (A): Bright-field optical microscope image. (D) Photoluminescence
(PL) spectrum of a CsPbBr3 film (PLQY = 76%) after patterning with PA-480 followed by
treatment with a mixture of PbBr», octanoic acid, butylamine and trifluoroacetic acid in ethyl
acetate. Inset: Photograph of the film under ultraviolet light. The dotted orange line indicates the
region exposed to 405 nm light during the patterning process. (E) Table showing the PLQY of
patterned CsPbBr; films with various of post-patterning treatments.
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Figure 4.3. PL lifetime of CsPbBr3 NC films after different treatments compared to CsPbBr3
OAc/OAm NCs. The table shows the fitting parameters to a triexponential decay as well as
calculation of the radiative and non-radiative lifetimes.

4.3. Patterning mechanism of CsPbX3s NCs with oxime sulfonate esters
To elucidate the patterning mechanism, we investigated the changes that occur during each
step of the patterning process (Figure 4.4). First, we measured the absorption and PL spectra of
solutions and films containing LHP NCs and PA-480 (Figure 4.4A and Figure 4.5) and found that
the absorption onset of the LHP NCs (~510 nm) does not change appreciably at each step of the
process. Also, the shape of the PL peak at 512 nm does not change upon the addition of PA-480

and red-shifts by only 1 nm (to 513 nm) after irradiation in solution. The solution PLQY drops
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from 31% to 19% after addition of PA-480 but recovers to 23% after irradiation (Figure 4.6). For
films, the PL spectra further red-shifts by about 5 nm (to about 517 nm) after patterning and
treatment (Figure 4.2D), which is consistent with coupling between the NCs. On the other hand,
the absorption peak of PA-480 at ~400 nm (superimposed on the absorption spectrum of LHP
NCs) clearly changes upon photoirradiation with 405 nm light. Since similar absorption changes
were observed when PA-480 was irradiated in the absence of LHP NCs (Figure 4.7), we infer that
the photodecomposition process of PA-480 (Figure 4.8) is not significantly affected by the

presence of the LHP NCs.
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Figure 4.4. Investigation of the CsPbBr; NCs and their ligands after each step of the DOLFIN
patterning process. (A) Solution-phase absorption and photoluminescence spectra of CsPbBrz NCs
as synthesized, after the addition of PA-480, and after irradiation with 405 nm light. (B) FTIR
absorption spectra of CsPbBr3; NCs as synthesized, after the addition of PA-480, irradiation with
405 nm light, development with toluene, and post-patterning treatment with a trifluoroacetic
acid/butylamine (TFA/BuAm) mixture in ethyl acetate. The spectra of a PA-480 film is also plotted
for reference. (C) Powder X-ray diffraction (XRD) spectra as synthesized, after the addition of PA-
480, irradiation with 405 nm light and development with toluene. (D) Transmission electron
microscope (TEM) images of the CsPbBr; NCs after development.
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Figure 4.5. Film absorption spectra of CsPbBr; NCs as synthesized, after the addition of PA-480,

irradiation with 405 nm light, development with toluene and treatment with octanoic
acid/butylamine/PbBry.
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Figure 4.6. Changes to the PLQY of CsPbBr3 NC solutions. PLQY measurements of a dilute
CsPbBr; OAc/OAm NC solution (no excess ligands added), after adding PA-480, and after
irradiation with 405 nm light. The PLQY after adding PA-480 was calculated by a relative method
with 475 nm excitation (to avoid absorption by PA-480), while the other two measurements were
obtained with an integrating sphere and a 405 nm laser.
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Figure 4.7. Absorption spectra of a solution of PA-480 upon irradiation with 405 nm light.
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Figure 4.8. Decomposition pathway of PA-480 in air.

Next, to better understand the photopatterning chemistry, we carried out film FTIR
spectroscopy to probe changes in the ligand shell of the LHP NCs (Figure 4.4B and Figure 4.9).
Conveniently, PA-480 has several distinct IR absorption peaks: C=N (2201 cm™), C=0 (1746
cm), S=0 (1068 cm?, 1054 cm™?) and N-O (894 cm™, 852 cm™, 798 cm™). The N-O peaks were
assigned based on previous reports and on the observation that these peaks completely disappear

upon photoirradiation (Figure S6).*4° The as-synthesized CsPbBrs NCs have mostly broad
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absorption peaks in the 1750-940 cm region, which can be assigned to bound oleylammonium
and oleate ligands. Upon addition of PA-480 to the NCs, the resulting FTIR spectrum looks similar
to a superposition of the PA-480 and the NC spectra aside from two important changes: (1) the
appearance of a peak at 1708 cm™ which can be distinctively assigned to free oleic acid (indicating
that it has been displaced),* *° and (2) the red-shift of the S=0O peaks to 1035 cm™, which has been
previously assigned to a surface-bound sulfonate group.* To preserve charge neutrality, we
believe that oleylammonium ligands are also displaced together with the oleate, although the
bound or unbound state of oleylammonium is harder to verify by FTIR due to interfering peaks.
In other words, we hypothesize that the X-type oleylmmonium oleate ion pair has been replaced
by the neutral L-type PA-480 ligand, which binds through the sulfonate oxygen atoms. Upon
irradiation, the N—O peaks vanish, indicating the complete cleavage of PA-480. After development
with toluene, the C=0 and S=O peaks remain strongly present, which means that the sulfonate
fragment (that contains the ketone group) stays attached to the NC surface. In contrast, the C=N
peaks are no longer present, which implies that the cyanide fragment has been washed away during
this step. Finally, treatment of the film with trifluoroacetic acid/butylamine dissolved in ethyl
acetate reveals that all the peaks of the sulfonate ligand (C=0 and S=0O) are replaced by bound
trifluoroacetate peaks (COO™: 1676 cm™, C—F: 1220-1110 cm™). Hence, although the sulfonate
group resists dissolution in the toluene developer, it can still be substituted by other surface ligands
that have an even stronger affinity for the NC surface. This allows for further tunability of the

ligand shell, which is important to achieve good material performance.
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Figure 4.9. FTIR spectra of a film of PA-480 before and after irradiation with 405 nm light.

Additionally, we used powder X-ray diffraction (XRD) and transmission electron
microscopy (TEM) to explore how our patterning chemistry affects the inorganic LHP
nanostructure. XRD analysis shows that the orthorhombic CsPbBr3 diffraction peaks are retained
throughout the patterning process with no new crystalline phases (Figure 4.4C). Careful
examination of the pseudo-cubic (100) peaks (260 ~ 15°) reveal subtle differences in the peak
splitting profile at each step. One possibility is the splitting of the (100) peak can be attributed to
interference effects from superlattice formation. This has been recently explained using a
multilayer diffraction model.>> We obtained a reasonable fit the (100) and the (200) peaks (26 ~
30.5°), which shows that the differences in the peak profile can be accounted for by variations in
the NC ordering (Figure 4.10). Based on this, the differences observed in the XRD patterns during
the patterning treatments likely are not a result of changes to the inorganic core of the nanocrystal.
This is further supported by a UV-vis absorption of the developed films which do not contain sharp
features in the 300-350 nm range, which is where several LHP decomposition products can appear

(Figure 4.5).%°* Transmission electron microscopy (TEM) reveals that the average size of the
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LHP NCs remains constant at about 10 + 2 nm throughout the entire patterning process (Figure
4.11). The NCs were found to be well separated after the addition of PA-480 and irradiation but

had significant necking upon development with toluene (Figure 4.4D).
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Figure 4.10. Fitting of the (100) and (200) XRD peaks at each point of the patterning process with
a multilayer diffraction fitting algorithm.>
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Figure 4.11. Transmission electron microscope images of CsPbBr; NCs at each point of the
patterning process. We note that these films were much thinner than those prepared via spin coating
to facilitate TEM characterization. Also, note that the image after TFA/BuAm treatment is for a
sparser region and does not indicate that NCs are removed.

To summarize our mechanistic studies, we obtained results consistent with a patterning
mechanism involving the photoinduced cleavage of a bound oxime sulfonate ligand. The binding
of the sulfonate ligand is supported both by the detection of free oleic acid and bound sulfonate
signals. Photoirradiation and development result in the cleavage of the ligand, leaving behind a
bound sulfonate group that reduces the LHP NC solubility in toluene. This solubility change is
likely due to the increase in the polarity of the ligands after decomposition: a relatively large, non-
polar, aryl ligand is cleaved into a shorter, polar ketone ligand. In addition, this mechanism is also
supported by the successful patterning of LHP NCs using an imido sulfonate ester (ILP-110N)

which has the same cleavable -N-OSOO- motif but with different side groups (Figure 4.12). The
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patterns formed with ILP-110N also had good contrast but was more prone to cracking, which we

attribute to limited substrate adhesion of the perflorinated butyl chain.
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Figure 4.12. Optical microscope image of CsPbBr3 NCs patterns using ILP-110N.

4.4. Emission color tuning of the LHP NC patterns

The emission wavelength of the LHP NC patterns can also be tuned across the visible
spectrum by modifying its halide composition (Figure 4.13).55% This can be done by synthesizing
LHP NCs with different halide compositions, or through a post-patterning anion-exchange step.
For instance, we synthesized and patterned CsPbBrs.xClx NCs emitting at 447 nm, with x ~ 1.5
(Figure 4.13A,F). Alternatively, patterned CsPbBrs NCs can be transformed into CsPbBrs.xlx NCs
by treating the film with a solution of Pblz/oleic acid/oleylamine in ethyl acetate (Figure 4.13C—
D). Depending on the solution concentration and treatment time, various degrees of anion
exchange occurred (Figure 4.13E). With this approach, CsPbBr3z NCs emitting at 522 nm can be

red-shifted to CsPbBrsxIx NCs emitting up to 653 nm, with x ~ 2 (Figure 4.13F). Although this
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anion-exchange process also improves the PLQY, a subsequent ligand exchange with trifluoracetic
and butylamine can be included to further increase the PLQY. Chloride exchange was also
attempted, but only a small (~10 nm) blue-shift was observed due to the low solubility of PbCl; in

ethyl acetate (Figure 4.14).
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Figure 4.13. Modulating the emission color of NC films changing the halide composition.
Fluorescence optical microscope images of micro-patterned films of CsPbBr3«Clx (A), CsPbBr;
(B) and CsPbBr3;«Ix (C&D). (E) Fluorescence image of a patterned CsPbBr3 film that was slowly
pulled out from a solution of Pbl>/oleic acid/oleylamine in ethyl acetate showing the progress of
the anion exchange. (F) Film PL spectra of the CsPbBr3;«Clx, CsPbBr3, and CsPbBr3.xIx NCs. The
CsPbBr;xIx NCs were obtained by post-patterning anion exchange, while the CsPbBr;xClx NCs
were synthesized directly.
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Figure 4.14. PL shift after chloride exchange of a patterned CsPbBr3; NC film by treating with a
solution of PbCl,/oleic acid/oleylamine in ethyl aceate.

We also explored the patterning of multiple layers of LHP NCs. Figure 4.15 shows
patterning of a layer of CsPbBrsxIx NCs, followed by a second layer of CsPbBrz NCs. Anion
exchange between the two layers was prevented by an intermediate layer of poly(methyl
methacrylate) (PMMA\) before the deposition of the second layer. Deposition of the PMMA layer
did not appear to affect the optical properties of the LHP NCs. Without this layer of PMMA,
significant anion exchange was observed, resulting in changes of the PL emission wavelength

(Figure 4.16).%

94



1t layer: CsPbBr,,,l, (horizontal stripes)

A

100 pm 100 pum
F— —

2"d Jayer: CsPbBr; (vertical stripes)

100um | B B
4 — v

Figure 4.15. Multiple pattern layers of LHP NCs. Bright-field (A & C) and fluorescence (B & D)
optical microscope images after the patterning one or two layers of CsPbX3 NC. A layer of PMMA
was spin-coated on top of the red-emitting CsPbBr3«I3 layer before the deposition and patterning
of the second green-emitting CsPbBr3 layer. The red channel in image (D) was boosted during
image processing for ease of visibility.
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Figure 4.16. PL and optical microscope images after one and two layers of LHP NC patterns
without any intermediate layer.
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4.5. Photoconductivity of patterned CsPbBrz NC films
An important advantage of this ligand-cleavage patterning approach over other polymer-

based approaches is the short distance between the NCs which enables electronic communication
and is important for applications such as LEDs, photodetectors, and other optoelectronic devices.
As a proof of concept, we fabricated and tested simple photoconductor devices by depositing and
patterning CsPbBrs NCs on top of an interdigitated gold electrode (Figure 4.17A-B). After
treating the NCs with a trifluoracetic/butylamine solution, the devices exhibit a distinct photo-
response to violet light (Figure 4.17C), demonstrating the capability for charge injection or
extraction into our NC layers. Although the performance of the photodetector shown here is
lower than prior reports of optimized CsPbBrs3 films,>"-°8 we believe that it can be improved with
further optimization of the film thickness, NC packing density and ligand chemistry. In the
future, more sophisticated ligand exchanges and surface treatments can be explored for the

fabrication of high-efficiency patterned LED.>®
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Figure 4.17. Photoconductivity of patterned CsPbBrs NCs after treatment with trifluoroacetic
acid/butylamine. (A) Schematic of the device structure and testing condition. (B) Optical
microscope image of the gold electrodes used. (C) Photocurrent—time response in the dark and
under illumination with violet light (395 nm) with an applied voltage of 20 V.
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4.6. Conclusion

In summary, we have demonstrated the patterning of CsPbXsz NCs via the photoinduced
cleavage of a bound oxime sulfonate ester (PA-480). The photosensitive PA-480 binds to the NC
surface and cleaves at the N—O bond upon irradiation with 405 nm light, resulting in a change in
the NC solubility in toluene allowing for pattern development. The patterned LHP NCs can be
further treated to exchange the sulfonate ligands with more suitable ones such as trifluoroacetate,
which allows for the improvement in the film PLQY up to 76%. The emission wavelength of the
patterns can also be tuned across the visible by an on-film anion exchange or by using pre-
synthesized alloyed NCs. Further, multilayer patterning of NC layers with different colors was
also demonstrated. Finally, we fabricated simple photoconductive devices to show that patterned
NC layers are amenable to electrical contact, which is an important prerequisite for various
optoelectronic applications. This approach shows the capability of carefully designed

photosensitive ligands for patterning fragile nanomaterials such as the LHP NCs.

4.7. Materials and methods
Chemicals. PA-480 (Benzeneacetonitrile, a-[2-[[[[(7,7-dimethyl-2-0x0bicyclo[2.2.1]
hept-1-yl)methyl]sulfonyl]oxy]imino]-3(2H)-thienylidene]-2-methyl-)  and  ILP-110N  (1-
Butanesulfonic acid, 1,1,2,2,3,3,4,4,4-nonafluoro-, 6-(1-hexyn-1-yl)-1,3-dioxo-1H-benz[de]
isoquinolin-2(3H)-yl ester) were obtained from Heraeus Epurio. Cesium carbonate (99%), lead(l1)
acetate trihydrate (>99.99%), oleic acid (technical grade, 90%), oleylamine (technical grade, 70%)
and octadecene (technical grade, 90%), benzoyl chloride (>99%), ethyl acetate (99.8%), toluene

(99.8%), chlorobenzene (99.8%), trifluoroacetic acid (99%), octanoic acid (>99%), butylamine
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(99.5%), lead(l1) iodide (99.999%) were purchased from Millipore Sigma. Benzoy! bromide (97%)

was purchased from Acros Organics. Lead(l1) bromide (99.999%) was purchased from Alfa Aesar.

Synthesis of CsPbX3 NCs. CsPbBrs NCs were synthesized by a modified benzoyl halide
hot injection method.® Briefly cesium carbonate (16 mg, 0.049 mmol), lead acetate trihydrate (76
mg, 0.20 mmol), oleic acid (0.3 mL, 0.95 mmol), oleylamine (1 mL, 3.0 mmol) and octadecene
(10 mL) were loaded into a 25 mL 3-neck round-bottom flask and dried under vacuum for 1 h at
115 °C. Subsequently, the temperature was increased to 170 °C under N2 and benzoyl bromide (50
pL, 0.46 mmol) dissolved in 0.5 mL octadecene was swiftly injected. The reaction mixture was
immediately cooled down with an ice-water bath. To purify the NCs, 1 mL of toluene was added
to the crude solution followed by 40 mL of ethyl acetate. The resulting mixture was centrifuged (7
krpm, 6574 g-force) for 10 min with the temperature set at 0 °C. The supernatant was discarded,
and the precipitate was brought into a N2 glovebox and redispersed in 3 mL of toluene at a
concentration of about 2.5 wt%. The solution was then centrifuged (4 krpm, 2213 g-force) for 1
min at room temperature to remove any insoluble contaminants. This stock NC solution was stored
in the glovebox and used within 1-2 weeks. To synthesize CsPbBrz«Clx NCs, a similar procedure
was used except that a mixture of benzoyl bromide (25 pL) and benzoyl chloride (25 pL) dissolved

in 0.5 mL of octadecene was used as the injection solution.

Patterning of LHP NCs. In air, 500 pL of ethyl acetate was added to 200 pL of the LHP
NC stock solution to induce flocculation of NCs. The suspension was centrifuged (13.4 krpm,
12100 g) for 1 min. The supernatant was discarded, and the precipitate redissolved in 80 pL of

chlorobenzene (or toluene). To this solution, 16 uL of PA-480 pre-dissolved in chlorobenzene (or
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toluene) at a concentration of 5 wt/vol% was added, resulting in a solution with about 5 wt% NC
and 0.8 wt% PA-480. This solution was spincoated on either a silicon substrate or a glass cover
slip. The substrate was then bound between a glass slide and a patterned chrome on quartz mask
using two binder clips. This stack was then exposed to 405 nm light (M405LP1-C1, Thorlabs,
measured power density ~30 mW/cm?) for 10 — 30 s. After exposure, the substrate was immersed
into a toluene developer for ~10 s and dried with a N2 gun. Occasionally, a pre-exposure and a
post-exposure baking step at 70 °C was used to increase the contrast. For multiple layer patterning,
an intermediate layer of PMMA (MW~120k, 2 wt/vol% in anisole) was spin-coated between each

NC layer.

Ligand and anion exchange. To prepare the PbBr/OctAc/BuAm treatment solution,
PbBr, (0.5 mmol, 183 mg) was dissolved in butylamine (3 mmol, 296 uL), octanoic acid (3 mmol,
475 uL) and hexane (300 uL) by stirring overnight at 70 °C (total volume ~ 1 mL). About 10 vol%
of this solution (100 uL) was then mixed with 9.9 mL of ethyl acetate to give a solution with <5
mM PbBr; (saturated), 30 mM OctAc, 30 mM BuAm and 23 mM hexane. (White PbBr; slowly
precipitates out, which indicates saturation.) To prepare the PbBro/OctAc/BUAmM/TFA treatment
solution, the same procedure was used but with trifluoroacetic acid (0.5 mmol, 38 uL) added to
the starting solution which result in treatment solution of 5 mM TFA, <5 mM PbBr; (saturated),
30 mM OctAc, 30 mM BuAm and 23 mM hexane in ethyl acetate.

To carry out ligand exchange, the substrate with the patterned LHP NC layer was placed
in a spin-coater and a ligand treatment solution was pipetted on the substrate and allowed to sit for
~10 s before spinning. This spin-coating step was then repeated another time. To carry out I” anion

exchange, the patterned substrates were immersed in a solution of Pbl,/oleic acid/oleylamine in
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ethyl acetate. The extend of the exchange depends on the Pbl, concentration and the duration of
treatment. After the appropriate amount of treatment time, the substrates were removed and blown
dry with N2, Subsequent treatment of the iodide-exchanged film with an ethyl acetate solution of
5 mM trifluoroacetate and 5 mM butylamine can be used to further improve the PLQY. These
ligand/anion steps can be carried out in air when the humidity is low (e.g. in the winter months),

but should be carried out in a glovebox when the humidity is high.

Photoconductivity measurement. The device electrodes (channel width = 3 um, total
channel length = 13.2 mm) were fabricated on glass via a standard photolithography process with
a direct laser writer (Heidelberg MLA 150). The electrodes were deposited by electron-beam
evaporation of a 5-nm Ti adhesion layer and a 100-nm Au layer (AJA ATC-Orion 8E). CsPbBr3
NCs were deposited and patterned on the electrodes followed by a ligand exchange with
trifluoroacetic/butylamine/PbBr». Electrical measurements were carried out in a N2 glovebox with
probes connected to a parameter analyzer (Agilent B1500A). Violet light illumination was

provided by a violet LED flashlight (TaoTronics, wavelength = 395 nm).

Characterization techniques. Optical absorption spectra of NP solutions or films were
collected using a Shimadzu UV-3600i Plus UV-Vis-NIR spectrophotometer in transmission mode.
Optical microscope images and fluorescent images were obtained using an Olympus BXS51
microscope. The contrast and brightness of the optical images were manipulated using the camera
software or with ImageJ. Transmission electron microscope (TEM) images were acquired using a
Tecnai Spirit operated at 120kV. Wide angle powder X-ray diffraction (XRD) patterns were

collected using a Rigaku Miniflex diffractometer with a Cu Ka X-ray sourc. Infrared absorption
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spectra of thin films were obtained with a Thermo Nicolet iS50 Advanced FTIR in transmission
mode (using a ZnSe substrate from Crystran Ltd.). Photoluminescence spectra were collected with
a Horiba JobinYvon Fluoromax-4 system. Absolute photoluminescence quantum yield
measurements were carried out using an integrating sphere (Labsphere) coupled with a computer-
controlled spectrometer (Ocean Optics QE Pro) together with a 405-nm laser diode excitation

source (LDM405, Thorlabs, 4 mW).
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Chapter 5. Ligand-free direct optical lithography of bare colloidal
nanocrystals via photo-oxidation of surface ions with porosity control

5.1. Introduction

Colloidal nanocrystals (NCs) have been extensively explored for their unique material
properties, solution-processability, and device capabilities.’* Most NC devices such as solar cells,
photodetectors, and light-emitting diodes (LEDs) are fabricated and tested by the deposition of
NCs as continuous thin films. However, the ability to form two-dimensional patterns of NCs is
crucial for the assembly of more complex, real-world devices including LED and photodetector
arrays,*® multiplexed gas sensors,® and nanophotonic elements (e.g. waveguides, diffractive
optics, and lasers). "°

There are many well-developed methods for depositing NCs as a patterned layer. This
includes ink-jet printing,'%*2 electron-beam lithography,* transfer printing,'® nanoimprinting,®
and photolithography.*”*® Each of these patterning techniques has its advantages and limitations
in terms of cost, scalability, pattern resolution, and generality of approach. A particularly important
factor to consider is the ligand environment of the NCs after patterning. In many cases, NCs are
patterned in a matrix of long-chain organic ligands or polymer additives which limits the NC
electronic coupling, lower the temperature stability of the film, and significantly reduce the
packing fraction of the NCs.

In our lab, we have been developing chemical methods that enable the direct optical
lithography of functional inorganic nanomaterials (DOLFIN). This resist-free approach involves
exploring suitable photosensitive ligands or additives that modulate the surface charge/polarity of

semiconducting, metal oxide and lead halide perovskite NCs.> % 20-22 A key philosophy of our
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patterning approach is the use minimal additives in our process to maximize the packing density
and coupling of patterned NC films. To this end, it is useful to utilize NCs that have their organic
chains removed via ligand stripping approaches, giving “bare” NCs that are charge-stabilized with
a non-coordinating anion such as BF;.2*?" Previously, we have found that “bare” NCs can be
patterned by introducing a photo-active chemical compound that reduces the surface charge upon
photodecomposition.® 2 However, another unexplored patterning mechanism involves harnessing
photogenerated holes and electrons in the NCs to drive chemical reactions on the NC surface (such
as photo-oxidation), which subsequently changes the NC solubility and formation of photo-
patterns.

The photo-induced oxidation of semiconductor NCs has been carefully studied due to the
importance of surface chemistry for achieving optimal optoelectronic and luminescent
performance. X-ray photoelectron spectroscopy (XPS) of organic-capped CdSe NCs has shown
the presence of SeO, upon irradiation in air,?® while UV-vis studies has shown blue-shifting,
broadening and reduction of the excitonic features upon prolonged exposure to light.° Similar
effects have been found in aqueous dispersions of CdS NCs. 33! Besides that, the photo-oxidation
of InP NCs and nanowires in the presence of HF is a common technique to increase their PL
quantum yield. 3>3* In addition, surface oxidation of colloidal nanocrystals can be used to induce
oriented attachment to create hierarchical self-assembled structures.®® Although the photo-
oxidation of various NCs have been studied and used to create self-assembled hierarchical
structures, it has not been used to modulate the NC solubility for direct patterning of arbitrary
structures.

Another advantage of using colloidal NCs in devices is the ability to independently control

the nano- and meso-scale morphology of the NC films. The crystallinity, crystallite size, and
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composition of the film can be precisely controlled by using nanocrystal of different size and
composition and can take advantage of nearly 30 years of synthetic development for colloidal
inorganic nanocrystals. Further hierarchical structures can be developed using a variety of thin
film modification strategies. For instance, there is a well-developed route to introduce mesoscale
porosity into films of bare NCs via polymer templating. 3¢-*° This first involves mixing the NCs
with micelles made of amphiphilic block copolymers. The mixture is then deposited as a film that
consists of NCs assembled around the micelle template. Upon removal of this template, an open
porous network of NCs is formed. On the other hand, post-processing methods such as thermal
annealing and hot isostatic pressing can be used to decrease the NC film porosity and allow for
further densification of NC films. These approaches have yet to be integrated with strategies to
lithographically pattern nanocrystal films. This would enable applications which simultaneously
require hierarchical mesoscale structures and microscale patterned elements such as porous
waveguides,***2 multiplexed gas sensors,® and diffractive optical elements with refractive index
tunability. 4344

Here, we explore the ligand-free direct optical lithography of colloidal NCs through the
photo-oxidation of surface ions. The native NC ligands are first stripped by a strong acid such as
HBF4in DMF to yield electrostatically stabilized, bare NCs. The NCs are deposited as a film and
irradiated selectively to induce local photo-oxidation of surface atoms on portions of the film
which remain insoluble upon development with DMF. High-quality and high-resolution (~1 um
feature sizes) patterns are achievable using ZnSe-BF4 NCs and 405 nm light exposure. This
approach is also generalizable to other bare NCs such as CdSe, ZnS, InP and CeO2 NCs.
Furthermore, ZnSe NCs can be used as a sensitizer/spacer to enable the patterning of other NCs

such as HfO», ZrO», and CdSe/CdS NCs. We used XPS and FTIR to determine that this patterning
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works by the oxidation of surface ions (e.g., Se? is oxidized to SeO;). Finally, we demonstrate
methods to tune the porosity of the patterned NC film through block-copolymer templating and
hot isostatic pressing. This allows the refractive index of a ZnSe NC patterns to be tuned within a

range of An = 0.23, which extends its versatility for nanophotonic and gas sensing applications.

5.2. Photo-oxidation patterning of NCs

The patterning process via photo-oxidation is shown in Figure 5.1. Colloidal NCs capped
with long-chain organic ligands are first synthesized by literature methods. The organic ligands
are then removed through a single-phase ligand exchange by adding HBF4 in DMF to colloidal
NCs dispersed in toluene, causing the NCs immediately precipitate out. To remove the displaced
organic ligands and excess ions, the NCs are washed several times by dissolving them in DMF
followed by precipitation with toluene. The bare NCs are finally dispersed in DMF with a
concentration of about 5-10 wt% (50-100 mg/mL).

The bare NCs are then spincoated as a thin film, which is then immediately irradiated
selectively using a photomask and a suitable light source (405 nm light for most NCs, 254 nm for
ZnS NCs). This leads to the local photo-oxidation of surface ions of the irradiated NCs, reducing
their solubility. The film is then developed in DMF, removing unexposed areas while leaving the

irradiated NCs behind as a patterned layer.

110



BF, :
LLH gﬁj DME ' DMF
HBF, DMF

Splncoat
\AVAVV VW —» DMF | ’BF; \ ) \ ’ ’
DMF DMF
f § HW/L BFy DMF
BF,

Organic-capped NCs Bare NCs Selective irradiation l +0,

- Q DMF BF, - Q DMF

O = O o

Figure 5.1. Schematic of the patterning process via surface photo-oxidation of bare NCs.

Micro-scale patterns of ZnSe-BF4 NCs obtained through the photo-oxidation process are
shown in Figure 5.2. The optical microscope images show uniform layers with a pattern resolution
down to 2 um and feature sizes as small as 1 um (the smallest feature of our photomask). The
generality of this approach is demonstrated by the patterning of various types of NCs and changing
the identity of the counterion. For instance, the patterning process also works for ZnSe NCs that
have been stripped with triflic (trifluoromethanesulfonate) acid instead of HBF4 (Figure 5.3A).
This suggests that the patterning process is not unique to the chemistry of a specific counterion.
We also show the patterning of other bare semiconductor and oxide NCs such as CdSe, ZnS, InP
and CeO2 NCs (Figure 5.3B-E). Although the patterning dose changes depending on the identity
of the NCs, the successful patterning of all these NCs support a general patterning approach that
should be extendable to other types of NCs with some optimization. The only obvious requirement

is that the NCs need to have significant absorption at the irradiation wavelength.
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Figure 5.2. Optical microscope images showing patterns of ZnSe-BF4 NCs obtained by photo-
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For bare NCs that were not patternable on their own, we were able to pattern them by
mixing with NCs that were patternable. For instance, visibly transparent HfO2 and ZrO, NCs can
be patterned by mixing in about 25 wt% of ZnSe NCs that act as a sensitizer to enable patterning
with 405 nm light (Figure 5.3F-G). The quality and resolution of the patterns remain good as
shown by the patterning of 1 um features (Figure 5.3F, inset), although a significantly higher dose
(~1.8 Jicm?) is required. Besides that, we show that luminescent CdSe/CdS-BFs NCs can also be
patterned by mixing it with ZnSe-BF4 NCs (Figure 5.3H). CdSe/CdS-BFs NCs were difficult to
pattern on its own through this approach due to two hypothesized reasons: (1) the size of these
core-shell NCs are significantly larger than the core NCs, which leads to significantly stronger van
der Waals forces and irreversible aggregation upon deposition in the absence of any additives, and
(2) higher photoluminescence (PL) quantum yield of these QDs leads to a lower photo-oxidation

efficiency due to preferential localization of the holes on the CdSe core rather than being available
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for surface oxidation. Thus, the addition of ZnSe-BF4 NCs is required to overcome these effects
by serving as a spacer and sensitizer.

There are several requirements we have empirically determined for achieving high-quality
patterns through this approach. First, it is important that non-irradiated NCs are sufficiently spaced
apart prior to the development step to avoid getting trapped in the deep primary minimum of a
DLVO potential. In previous patterning approaches using a photo-sensitive additive, the un-
irradiated additive molecule/ions play the role of spacers between NCs which prevents the NCs
from falling into the primary minimum and subsequently irreversible aggregating.?! In this ligand-
free approach, this role falls on the DMF molecules that are adsorbed on the NC surface as L-type
ligands, as previously studied.? %6 The downside of this is that DMF slowly desorbs from the NC
surface over time, leading to the irreversible aggregation and insolubility of the whole film after a
certain period of time. Hence, it is important that the deposited NC film is promptly irradiated and
developed to prevent this from occurring. Alternatively, this issue should be mitigated by
controlling the saturation of DMF in the atmosphere or by including an L-type ligand with higher
boiling point or stronger binding affinity to the NC surface.

Another unexpectedly important part of this process is the number of washing cycles after
ligand stripping, which dictates how many free ions remain in the solution (and in the deposited
film). We found that the highest sensitivity was achieved when the NCs were washed extensively
(more than 6 rounds of DMF/toluene washing). We hypothesize that this also relates to a spacing
effect: excess free ions also serve as a spacer that keeps NCs apart, increasing their solubility. This
weakens the effect of photo-oxidation aggregation and reduces its sensitivity. With extensive
washing, doses as low as 90 mJ/cm? and 20 mJ/cm? were sufficient to pattern ~100 nm thick film

of ZnSe NCs and ZnS NCs, respectively. These doses are comparable to other DOLFIN
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approaches that utilize photosensitive ligands or additives,® 2! and comparable or lower than the

dosage required for patterning commercial polymer photoresists. 4
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Figure 5.3. Optical microscope images of patterns made of various NCs and counterions. (A)
Patterns of ZnSe NCs with triflate (OTf") counterions. (B—E) Patterns of CdSe, ZnS, InP and CeO
NCs with BF, counterions. (F-G) Patterns of HfO; (F) and ZrO> NCs (G) mixed with ZnSe NCs

(as the sensitizer). (H) PL image of patterns of CdSe/CdS NCs mixed with ZnSe NCs. Inset: bright-
field microscope image.

5.3. Investigating the mechanism of photo-oxidation patterning
To elucidate the patterning mechanism, we investigated changes to the NCs during the
photo-irradiation process. UV-vis spectroscopy showed small blue-shift and reduction in the
absorbance of ZnS, CdSe and ZnSe NCs upon irradiation with light (Figure 5.4A-C). This is
consistent with previous reports on the photo-oxidation of colloidal NCs. 23! We also found that
the photo-degradation is much more significant for bare NCs compared to organic-capped NCs

(Figure 5.5). This is reasonable since bare NCs lack the protecting organic ligands that can repel
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most of the oxygen from interacting with the NC surface. Also, no significant change to the
absorption features is observed upon the irradiation of ZnSe-BFs NCs in a nitrogen atmosphere
(Figure 5.4D). To conclusively demonstrate the importance of oxygen for this patterning
mechanism, we carried out control experiments that involve the irradiation of ZnSe-BF4 NC film
in a nitrogen atmosphere (Figure 5.6). Our results show that irradiation in air-free conditions does
not result in a solubility change of the ZnSe-BF4 NC film even at a high dose (~1.8 J/cm? 60 s
exposure time). In contrast, an exposure dose of 0.15 J/cm? to a similar ZnSe NC film in air leads

to the clear reduction of colloidal solubility.
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Figure 5.4. UV-vis spectra showing changes in the NC absorption spectra upon increasing light
exposure. A 254 nm light source (~6 mJ/cm?) was used to irradiate the ZnS NCs (A), while a 405
nm light (~30 mJ/cm?) source was used for CdSe and ZnSe NCs (B-D). Exposures done in air (A—
C) showed a clear blue-shift in the spectra, while exposure in a nitrogen atmosphere (D) shows no
pronounced changes to the spectrum.
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Figure 5.6. Pictures and optical microscope images upon irradiation of ZnSe-BF4 NCs in air or in

air-free conditions.

We also carried out X-ray photoelectron spectroscopy (XPS) to reveal changes in the
chemical bonding of surface ions (Figure 5.7A-B). Before irradiation, the Se 3d region of ZnSe-
BF2 NCs show peaks that can be primarily attributed ZnSe (Se 3ds;2: 54.10 eV; Se 3ds;2: 54.96)
and potentially a small amount of Se/SeOH (Se 3ds;: 55.20 eV; Se 3ds»: 56.06).“ Upon

irradiation, new peaks in the Se 3d region were observed (Se 3ds/2: 59.0 eV; Se 3ds2: 59.86) that
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corresponds to SeO; and is consistent with previous reports.?® 447 At the same time, there is also
a perceivable increase in the Se/SeOH peaks upon irradiation. These observations are consistent
with the photo-oxidation of surface Se? ions into several different oxidation species. On the other
hand, we do not observe any noticeable change in the oxidation state of Zn based on the the XPS
spectra for the Zn 2psj2 core level.

FTIR spectroscopy was also used to investigate changes in the ligand chemistry
(Figure 5.7C). As-deposited CdSe-BF4 NCs show the distinctive peaks of DMF (e.g., 1650 cm™,
C=0 stretch), which confirm that there is adsorbed DMF in the NC film. FTIR spectra of NC films
also show the peak from the BF; counterions at ~1040 cm™. Upon drying in air for 3 days, the
intensities of DMF-related absorption peaks are reduced significantly compared to the BF; peaks.
After irradiating this dried NC film with 405 nm light for 2 mins (~3.6 J/lcm?), there is no
observable change to the BF; peaks. Hence, we deduce that the counterions do not play a
significant role in the photo-oxidation patterning mechanism.

We also carried out dynamic light-scattering (DLS) and zeta-potential experiments to probe
the changes in colloidal stability of the bare NCs upon irradiation. Before irradiation, DLS shows
that ZnSe-BFs NCs have a hydrodynamic radius of ~7 nm and no presence of larger aggregates
(Figure 5.7D). Upon increasing durations of irradiation, peaks at larger sizes emerge and intensify,
showing the effect of photo-induced NC aggregation. Interestingly, the measured zeta potential of
the NCs during this photo-aggregation process was mostly unchanged at ~50 mV (Figure 5.8).
This contrasts with other pattering approaches that show the reduction of the zeta potential due to
neutralization of the surface charge.® Hence, it appears that the aggregation of NCs by photo-

oxidation does not stem from the neutralization of the positive surface charges.

117



To account for all these experimental observations, we hypothesize that the photo-
oxidation patterning of NCs may be due to the desorption of DMF molecules due to steric
hindrance by oxidized species on the NC surface. For instance, the oxidation of surface Se? into
bulkier SeOH or SeOs? groups will block the binding of DMF ligands to the surface metal sites.
This would be consistent with the dramatic reduction in NC solubility without any progressive

neutralization of the surface charge.
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Figure 5.7. Further investigation of the pattering mechanism via photo-oxidation. (A-B) XPS

spectra of the Se 3d and Zn 2p region for ZnSe-BF4 NCs before and after irradiation. (C) FTIR of

CdSe-BF4 NCs right after spincoating, after drying for 3 days and after irradiation. (D) DLS of

ZnSe-BF4 NCs upon increasing irradiation times showing the light-induced aggregation of the

NCs.
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Figure 5.8. Zeta potential measurements of ZnSe-BF4 NCs upon various irradiation times with
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5.4. Porosity control of patterned NC films

The porosity of NC films is an important parameter for the functionality of various NC
devices. For instance, the porosity has a big influence on the accessibility of the NC surface upon
deposition, which is crucial for resistive gas sensors and other NC devices. In this case, it is often
beneficial to have a higher porosity to allow for quick and efficient gas accessibility to the NC
surface sites. For other applications, it is more desirable to have the highest NC packing density
as possible. As an example, a dense NC film is desirable for optical applications which benefit
from a high refractive index for light confinement (e.g., for waveguides).

Here, we demonstrate two approaches to modulate the porosity of patterned NC films. To
increase the porosity of our patterned films, we show that our photo-oxidation patterning process
is compatible with established routes of introducing mesopores into NC films by polymer
templating (Figure 5.9A). %6 In this approach, block-copolymer micelles are mixed with the bare

NCs in DMF and deposited as a film. Subsequent local irradiation of the NC film leads to the

oxidation of the exposed NCs and decrease of solubility in DMF. Upon development with DMF,
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both the NCs and polymer in the unexposed parts of the film are fully dissolved away. In contrast,
in the irradiated parts of the film, only the polymer is washed away while the templated NCs remain
insoluble, forming a patterned mesoporous NC film. This ability to maintain a mesoporous
structure that does not collapse suggests that the oxidative photopatterning results in relatively
strong interactions bonds between NCs.

Optical microscopy shows that micro-patterns of mesoporous ZnSe NC films can be
formed (Figure 5.9B). Notably, a higher dose of ~2.7 J/cm? is required for patterning, which we
attribute to the effect of hydrophilic segments of the polymer intercalating between NCs and
reducing the photo-aggregation efficiency. SEM imaging confirms the presence of 50-100 nm
mesopores within the patterned structure (Figure 5.9C), which is also consistent with the decrease
in the refractive index of the mesoporous film (n = 1.87), which is appreciably lower than that of
a standard, non-templated ZnSe NC film (n = 1.94), as measured by ellipsometry (Figure 5.9D).

On the other hand, we carried out preliminary experiments on the use of hot isostatic
pressing (HIP) to increase the densification of patterned NC films. HIP is a well-established
densification technique that uses a combination of elevated temperatures and high gas pressures to
remove pores from a material while reducing undesirable deformation.*® We subjected ZnSe-BF4
NC films to HIP at 270 °C and 15,000 psi for 16 h and found that the NC patterns remained well
preserved during this treatment (Figure 5.9D). SEM imaging showed significant densification of
the NC film with the notable absence of the 10-20 nm pores found in untreated ZnSe-BFs NC
films (Figure 5.9F-G). In agreement with this, the refractive index after HIP increased to n =
2.10, which is significantly higher than the refractive index of n = 1.97 obtained upon the simple
thermal treatment of ZnSe-BF4 NCs under atmospheric pressure (Figure 5.9D) at an identical

temperature. X-ray diffraction (XRD) showed that there was no significant change to the width of
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the ZnSe zinc-blende peaks, indicating the lack of grain growth under our HIP conditions (Figure

5.10).
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Figure 5.9. Tuning the porosity and refractive index of patterned ZnSe NC films. (A) Scheme
showing a film of NCs mixed with poly(1,2-butadiene)-b-poly(ethylene oxide) (PBEO), followed
by photo-oxidation patterning and development to produce a mesoporous patterned film. (B—C)
Optical microscope and SEM images of patterned mesoporous ZnSe NC layers. The mesoporosity
was introduced by adding 14 wt% PBEO to the ZnSe-BF4 NC solution. (D) Refractive indices of
ZnSe NC films upon mesoporous templating, heating at 270 °C and hot isostatic pressing at a
temperature of 270 °C and a pressure of 15,000 psi. (E—F) Optical microscope and SEM images
of ZnSe NCs after hot isostatic pressing (270 °C; 15,000 psi). (G) SEM image of a ZnSe-BF4 NC
film with no templating or post-processing.
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Figure 5.10. XRD spectra before and after hot isostatic pressing treatment of ZnSe-BF4 NCs.

We have shown that the porosity of patterned NC films can be tuned significantly by block-
copolymer templating and HIP. Using these two approaches, the refractive index of a ZnSe-BF.
NC film can be tuned within a range of An ~ 0.23 (from 1.87 to 2.10), simply by controlling the
porosity and densification of the film. Future work involves exploring a wider temperature and
pressure range used in the HIP process. This may enable grain growth and further densification of
the NC films to approach the refractive index of bulk inorganic materials. On the other hand, the
meso-porosity of the NC film may be further optimized by tuning the amount of polymer added

as well as the chemical interactions between NC surface and the polymer.36-3

5.5. Summary
In summary, we demonstrate the direct optical lithography of ligand-stripped, all-inorganic
colloidal NCs via the photo-oxidation of surface ions. We show the high-quality patterning of a
variety of NCs such as ZnSe, CdSe, CdS, InP and CeO2 NCs, as well as mixtures of NCs. We also

probed the chemical changes induced during the patterning process and our results are consistent
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with the oxidation of surface ions by molecular oxygen that leads to the aggregation of NCs and
their reduction of solubility in polar solvents. Finally, we used polymer templating and hot isostatic

pressing to modulate the porosity and refractive index of the patterned NC films.

5.6. Materials and methods
Chemicals. N,N-Dimethylformamide (DMF, anhydrous, 99.8%), tetrafluoroboric acid
diethyl ether complex, zinc carbonate basic (purum p.a.), cadmium oxide (>99.99%), zinc chloride
(>98%), oleic acid (technical grade, 90%), oleylamine (technical grade, 70%), trioctylphosphine
oxide (99%), and 1-octadecene (technical grade, 90%) were purchased from Millipore Sigma.
Trifluoromethanesulfonic acid (99%), sulfur flakes (99.998%), and selenium powder (>99.5%,
200 mesh) were purchased from Fisher Scientific. Poly(1,2-butadiene)-b-poly(ethylene oxide)

with a mass ratio of PB(5200)-b-PEO(4500) was obtained from Polymer Source, Inc.

Nanocrystal syntheses. ZnSe NCs were synthesized by a scaled-up, modified procedure
from Flamee et al.*® Briefly, zinc carbonate basic (6.4 mmol, 3.71 g), oleic acid (96 mmol, 27.1 g,
30.2 mL) and octadecene (200 mL) was loaded in a 500 mL 3-neck flask. The mixture was
degassed at 120 °C for a few minutes and then heated to 200 °C under N to form a clear Zn(oleate):
solution. Upon reaching 200 °C, the heating was stopped immediately, and the flask cooled to 90
°C. The solution was then degassed at 90 °C for 1 h under vacuum. In the meantime, and ODE-Se
suspension was made in the glovebox. This involves the sonication of Se powder (24 mmol, 1.89
g, 200 mesh) in ODE (20 mL). After degassing the Zn(oleate). solution for an hour, it was heated
up to 270 °C and the ODE-Se suspension was swiftly injected. The solution was heated at 260 °C

for 25 min. The solution turns from a black suspension to dark red and then to light orange. Upon
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cooling, the NCs were washed several times with IPA and MeOH as the non-solvent and toluene
as the solvent. The purification process required heating the solution to 70 °C in a water bath to
help solubilize the unreacted Zn(oleate)> from the precipitated NCs.

CdSe NCs were synthesized by a scaled-up, modified procedure from Flamee et al.*
Briefly, cadmium oxide (50 mmol, 6.42 g), oleic acid (150 mmol, 47 mL) and ODE (50 mL) we
loaded in a 3-neck flask. The solution was degassed at 115 °C for 2 hours and then heated to 270
°C to form the cadmium oleate complex. Upon reaching 270°C, the solution was immediately
cooled down to 115 °C. Then, the solution was degassed for another 1 hour at 115 °C. In the
meantime, a Se-ODE solution was prepared by sonicating Se powder (30 mmol, 2.37 g, 200 mesh)
in ODE (6 mL). After the cadmium oleate solution was degassed for an hour, it was heated to
270 °C and the Se-ODE swiftly injected. The solution was heated at 260 °C for 10 mins before
being cooled down. The NCs were purified several times with IPA and MeOH as the non-solvent
and toluene as the solvent.

ZnS NCs were synthesized by a scaled-up, modified procedure from Herron et al.> Briefly,
ZnCl; (60 mmol, 8.18 g), oleic acid (50 mL), oleylamine (50 mL) and trioctylphosphine oxide (60
mmol, 23 g) were added to a 3-neck flask and degassed at 140 °C for 2.5 hrs. In the meantime, an
OAm-S solution was made by adding sulfur flakes (30 mmol, 0.96 g) to degassed oleylamine (20
mL) and heating at 125 °C for 1 hour. After the zinc oleate mixture has been degassed, it was
heated to 320 °C under N2. The OAm-S was swiftly injected at 320 °C and the solution was heated
at 320 °C for 7 mins. The NC solution was then cooled and washed several times with EtOH and
MeOH.

Tetragonal zirconia NCs capped with TOPO were synthesized by a procedure by Joo et

al.®! Briefly, trioctylphosphine oxide (30 g) was degassed at 80 °C for 1 hour in a 3-neck round-
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bottom flask. The flask was sealed, brought into a glove box and Zr(O-iPr)4-(IPA) (2.34 g, 6 mmol)
and ZrCls (1.75 g, 7.5 mmol) was added. The mixture was then degassed again at 70 °C for 30
mins. Under nitrogen, the solution was heated to 340 °C and held there for 2 hours. The NCs were
purified several times by acetone and toluene.

Monoclinic HfO2> NCs capped with TOPO were synthesized by a procedure by Tirosh et
al.>? Briefly, trioctylphosphine oxide (30 g) was degassed at 80 °C for 1 hour in a 3-neck round-
bottom flask. The flask was sealed, brought into a glove box and Hf(O-iPr)s- (IPA) (2.85 g. 6 mmol)
and HfCl4 (1.95 g, 6 mmol) was added. The mixture was then degassed again at 70 °C for 30 mins.
Under nitrogen, the solution was heated to 360 °C and held there for 2 hours. The NCs were

purified several times by acetone and toluene.

Ligand stripping of NCs. Organic-capped colloidal ZnSe, ZnS, CdSe, ZrO,, HfO; and
CdSe/CdS NCs were synthesized by modified recipes from published literature. More details on
the syntheses can be found in the supporting information. InP NCs were obtained from Nanosys
and used after several rounds of washing.

HBF4 in DMF (5 wt%, 0.57 M) was first made by adding HBFs-diethyl ether complex
solution dropwise to DMF with a volume ratio of 1:9 (caution: vigorous reaction). About 0.1 mL
of this HBF4 solution was added to a solution of organic-capped NCs dispersed in 1 mL toluene
(~20 mg/mL). The addition of acid immediately induced the precipitation of the NCs. After
vortexing for 20 s, the NC suspension was centrifuged. The supernatant was discarded, and the
NC residue was washed between 3-6 times with DMF/toluene, depending on the type of NC. (For
ZnSe NCs, 6 washing cycles were done, each involving 0.5 mL DMF followed by ~1.5 mL of

toluene.) After washing, the NCs were finally dispersed in DMF at a concentration of about 50—
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100 mg/mL. This ligand-stripping procedure was scaled up by a volume factor of 10 without any
substantial effect on the colloidal stability. For ligand-stripping with triflic acid, the same

procedure was used except using triflic (trifluoromethanesulfonic) acid dissolved in DMF (0.5 M).

Photo-oxidation patterning. Silicon wafers with a native oxide layer were cut into 1 X 1
inch substrates and sonicated in acetone (5 min) and ethanol (5 min). The substrates were then
subjected to oxygen plasma treatment for about 10 mins. The bare NCs were then deposited onto
the substrate by spincoating. The substrate was then bound between a glass slide and a patterned
chrome mask using two binder clips. This stack was then exposed to 405 nm light (M405LP1-C1,
Thorlabs, measured power density ~30 mW/cm?) or a low-pressure mercury vapor grid lamp
emitting at 254 nm (~6 mW/cm?, Jelight Company, Inc). After exposure, the substrate was
immersed into a DMF developer for ~10 s and then dried with a N2 gun. Mixtures of bare NCs
were obtained by mixing and vortexing two different NCs together and using the same patterning

procedure as above.

Patterning of mesoporous NC films. Poly(1,2-butadiene)-b-poly(ethylene oxide)
(PBEO) with a mass ratio of PB(5200)-b-PEO(4500) was dissolved in DMF (2.5 wt%) and stirred
for a few hours at room temperature. The PBEO solution was then added to a solution of ZnSe-
BF4 NC solution to obtain 14 wt% of PBEO with respect to NCs. This mixture was then vortexed

and then patterned according to the same procedure as above.

Hot isostatic pressing (HIP) of NC films. Patterned ZnSe-BF4 NC films on Si substrates

were inserted into a stainless-steel reactor and sealed. At room temperature, the pressure in the
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reactor was increased to about 8,000 psi using ultra-high purity N2 gas with the aid of a pressure
booster. The reactor was then heated to 270 °C, which also led to the increase in pressure to about
15,000 psi. The HIP treatment was carried out for 16 h, after which the reactor was cooled down

and depressurized.

Characterization techniques. Optical absorption spectra of NP solutions or films were
collected using a Shimadzu UV-3600i Plus UV-Vis-NIR spectrophotometer in transmission mode.
Optical microscope images and fluorescent images were obtained using an Olympus BX51
microscope. The contrast and brightness of the optical images were manipulated using the camera
software or with ImageJ. Wide angle powder X-ray diffraction (XRD) patterns were collected
using a Rigaku Miniflex diffractometer with a Cu Ka X-ray sourc. Infrared absorption spectra of
thin films were obtained with a Thermo Nicolet iS50 Advanced FTIR in transmission mode (using
a ZnSe substrate from Crystran Ltd.). Scanning electron microscope (SEM) images were acquired
using a Carl Zeiss MERLIN field emission SEM. Single-wavelength (633 nm) refractive index of
films was determined with a Gaertner Waferskan ellipsometer. The hydrodynamic size of colloidal
nanoparticles was obtained with a Malvern Zetasizer Nano ZS. XPS analysis was performed on a

Kratos Axis Nova spectrometer using monochromatic Al Ka source (1486.6 eV).
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Chapter 6. Conclusions and Outlook

6.1. Thesis summary

In summary, this thesis has focused on the development and study of chemical approaches for
the direct photolithography of colloidal inorganic nanomaterials. This patterning relies upon the
light-induced solubility change of NCs through various photo-chemical pathways. This involves
either using photosensitive binding ligands, photosensitive additives or through photo-chemical
reactions of the surface ions. Using various chemical approaches, we elucidated the mechanism of
how each photo-chemical reaction leads to the change in NC solubility. Photo-sensitive ligands
were designed to be sensitive to different wavelengths of light and their suitability for different
classes of nanomaterials was studied.

The properties of these NC patterns made by direct photolithography were also thoroughly
evaluated. We found that high resolution patterns with < 1 um feature sizes were achievable, which
is limited by the resolution of the light exposure system. The doses that were needed to induce
solubility change depends on the specific photo-chemical process but were very comparable to
commercial photoresists. We were also able to patterns nanoparticles with thicknesses up to 1 um,
which opens the door for their use as diffractive optical elements and in other photonic devices.

We also studied the effect of the direct patterning process on the quality of the resulting NCs
in the patterns. For photoluminescent NCs, we found that the PLQY of the NCs depends highly
on the photo-chemical approach used. With an optimized photosensitizer, PLQY's remain as high
as 75% of un-patterned NCs. For perovskite NCs, we were able to achieve a 79% absolute PLQY
of patterned film by introducing a post-patterning treatment step that improves the surface

passivation. We also demonstrated the utility of photo-patterning through the fabrication and
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testing of various patterned NC-based devices including photodetectors, diffractive optical
elements, and light-emitting diodes. These proof-of-concept devices showcase the importance of
obtaining high-quality NC patterns in the fabrication more advanced NC-based photonic and
optoelectronic devices. This expands the application of colloidal NCs and helps in their integration

in next-generation devices.

6.2. Future directions

In this final section, I will discuss potential future directions that builds upon the work done in
this thesis. One area that can be further expanded is the photosensitive ligand chemistry. In this
thesis, we limited our scope to commercially available ligands or simple ligands that can be
synthesized with just a few steps. | believe that we were only scratching the surface in the
possibilities of chemical pathways that can be applied for direct patterning of NCs. However,
exploring future generations of photosensitive ligands should be guided by either a specific
desirable NC property, an application goal, or the requirement of a specific wavelength of light or
other stimuli. For instance, one may want to investigate photosensitive ligands that can further
improve the PLQY of NC patterns while leaving behind as little organic residue as possible. Most
of the photosensitive stabilizing ligands used in this thesis involves the binding of a thiol group to
the NC surface. Since thiols are not considered the best ligands for preserving high PLQY, other
chemical approaches can be explored to leave behind a more amenable surface group upon
patterning. Another example could be the development of ligands that are sensitive to infrared (IR)
light that can reduce the NC solubility upon IR irradiation. This could allow visible-light absorbing
QDs to be patterned with larger thicknesses due to deeper penetration of the IR light. All these

examples rely on the further expansion of photosensitive ligand chemistry.
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Another direction to be explored is the improvement of the NC pattern resolution, which opens
its use in another range of applications. For example, the fabrication of high-performance
metasurfaces relies upon the patterning of features with below 500 nm, which is currently beyond
the capabilities of the work in this thesis. Similar feature sizes are required for making distributed
feedback lasers using NCs. To properly explore the resolutions limitations of DOLFIN, an
appropriate high-resolution exposure method is required. One relatively simple way to obtain
diffraction limited light exposure is using interference lithography such as Lloyd lithography. This
method of exposure allows the exposure of 1D strips with feature sizes down to A/2, where A is
the exposure wavelength. Hence, Lloyd lithography can be used as a simple way to test the
resolution limits of a particular patterning chemistry. Once a suitable patterning chemistry had
been found for high-resolution patterning, more complex high-resolution features can be patterned
using more sophisticated exposure “steppers”.

Most of the work done in this thesis involves two-dimensional (2D) patterns, whereby there
is only arbitrary control in the x-y plane of the substrate but not in the height of the patterns.
Extending this patterning chemistry into the third dimension is a very interesting path forward that
could have a potential impact on the 3D-printing community. This is because most 3D-printing
approaches are often limited to a relatively small library of polymer or organic-based materials.
On the other hand, here have not been many approaches to 3D-print high-quality inorganic
structures. The 3D-printing of NCs may overcome some of the limitations of current approaches
due to the pre-formed crystallinity of the NCs; this enables relatively mild conditions to be used
to obtain a densified 3D structures compared to methods that require high thermal treatments for

densification.
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The 3D patterning of NCs can be explored on two different platforms. The first platform is
through two-photon lithography (2PL), which is an expensive technique but allows for the
patterning of sub-micron features and the use of very small amounts of material. On the other hand,
3D printing through stereolithography, or digital light projection (DLP) has reached commercial
viability and is very affordable (<$400 for a DLP 3D-printer). However, its resolution is typically
limited to >100 um and it requires more material. Another significant difference between these
two techniques is that 2PL can be used on a dried NC film, while DLP relies upon the photo-
induced gelation of a liquid precursor. From this standpoint, 2PL should be an easier extension
from the 2D patterning approaches in this thesis. The only change that needs to be considered is
the two-photon absorption cross-section of the sensitizer. For DLP printing, preliminary studies
have shown that the photo-induced solubility changes of the NCS does not usually provide
sufficient forces to drive the liquid to solid gelation process that is required for the formation of
3D features. Further studies need to be done on both the photochemistry and processing of the NCs
that can allow for robust photo-induced gelation.

Finally, we can use this direct photopatterning approach for other applications that have not
been explored in this thesis. For example, the proper control of the porosity of the NC patterns
may allow it to be use for chemical sensing or as porous waveguides. Different types of NCs with
different surface functionalization can be patterned as an array that allows for a high sensitivity
and/or specificity in the sensing of gas molecules. Another idea involves the patterning of self-
assembled NCs, which opens the controlled micro-fabrication of ordered arrays of NCs. Also, it
would be interesting to demonstrate the fabrication of a functional devices (e.g., transistor or LED)

that only utilizes the direct patterning of various types NCs (with no steps required vapor-phase
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deposition). This would show the capability of a completely solution-processed deposition and

patterning approach that is low-cost, simpler, and more scalable than traditional approaches.
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