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ABSTRACT: Microscale patterning of colloidal nanocrystal (NC) films Soluble Insoluble

is important for their integration in devices. Here, we introduce the direct z

optical patterning of all-inorganic NCs without the use of additional PMF hv +

photosensitive ligands or additives. We determined that photoexposure b DMF ————> £

of ligand-stripped, “bare” NCs in air significantly reduces their solubility 0,

in polar solvents due to photo-oxidation of surface ions. Doses as low as

20 mJ/cm? could be used; the only obvious criterion for material D ) )

selection is that the NCs need to have significant absorption at the Porosity control , J)

irradiation wavelength. However, transparent NCs can still be patterned of NC patterns QLY
JIJJ VOV

by mixing them with suitably absorbing NCs. This approach enabled the
patterning of bare ZnSe, CdSe, ZnS, InP, CeO,, CdSe/CdS, and CdSe/
ZnS NCs as well as mixtures of ZrO, or HfO, NCs with ZnSe NCs. Optical, X-ray photoelectron, and infrared spectroscopies
show that solubility loss results from desorption of bound solvent due to photo-oxidation of surface ions. We also demonstrate
two approaches, compatible with our patterning method, for modulating the porosity and refractive index of NC films. Block
copolymer templating decreases the film density, and thus the refractive index, by introducing mesoporosity. Alternatively, hot
isostatic pressing increases the packing density and refractive index of NC layers. For example, the packing fraction of a ZnS
NC film can be increased from 0.51 to 0.87 upon hot isostatic pressing at 450 °C and 15 000 psi. Our findings demonstrate
that direct lithography by photo-oxidation of bare NC surfaces is an accessible patterning method for facilitating the
exploration of more complex NC device architectures while eliminating the influence of bulky or insulating surfactants.

KEYWORDS: direct optical lithography, colloidal nanocrystals, photo-oxidation, porosity control, refractive index, nanocrystal films,
surface ligands

INTRODUCTION these patterning techniques has its advantages and limitations
in terms of cost, scalability, pattern resolution, and generality
of approach. In assessing their capabilities, a priority lies in
characterizing the surface chemical (ligand) environment of
the NCs before and after patterning. In many cases, NCs are
patterned in a matrix of long-chain organic ligands or polymer
additives. These ligands usually originate from the NC
synthesis itself as a necessary component for their solution

Colloidal nanocrystals (NCs) have been extensively studied for
use in high-performance optoelectronics owing to their useful
material properties and solution processability.' * Active layers
of NCs in devices such as solar cells, photodetectors, and light-
emitting diodes (LEDs) are generally fabricated and tested in
the form of 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 photo-
detector arrays,”® multiplexed gas sensors,” and nanophotonic Received:  April 29, 2022
elements (e.g.,, waveguides, diffractive optics, and lasers).” ™’ Accepted:  September 12, 2022
There are, accordingly, many well-developed methods for Published: September 19, 2022
depositing NCs as patterned layers. These include inkjet
printing,'*~"* electron-beam lithography,''* transfer print-
ing,"* nanoimprinting,'® and photolithography.'”~"* Each of
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Scheme 1. Patterning Process via Surface Photo-Oxidation of Bare NCs
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stability, but they limit the NC electronic coupling strength,
reduce the stability of the films at high temperatures, and
significantly reduce the packing fraction of the NCs in a given
volume.

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
identifying suitable photosensitive ligands or additives that
modulate the surface charge/polarity of semiconducting, metal
oxide, and lead halide perovskite NCs.>”*°">* A key
philosophy of our patterning approach is to use additives of
very small molecular size to maximize the packing density and
electronic coupling in 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 noncoordinating anion such as BF,~.**~"’
Previously, we have found that “bare” NCs can be patterned by
introducing a photoactive chemical compound that reduces the
surface charge upon photodecomposition.””' However, the
required photoexcitation of electrons need not take place in
the sensitizing additive. Another relatively unexplored
patterning mechanism utilizes photogenerated holes and
electrons in the NCs themselves to drive chemical reactions
on the NC surface (such as photo-oxidation), which
subsequently changes the NC solubility and effects formation
of photopatterns.

The light-induced oxidation of semiconductor NCs has been
carefully studied due to the importance of surface chemistry for
achieving optimal optoelectronic and luminescent perform-
ance. X-ray photoelectron spectroscopy (XPS) of organic-
capped CdSe NCs irradiated in air has detected the presence of
SeO,,”® while optical absorption studies have 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,**" and the photo-
oxidation of InP NCs and nanowires in the presence of HF is a
common technique to increase their PL quantum yield.”*™** 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 can and has been 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 mesoscale
morphology of the NC films. The crystallinity, crystallite size,

and composition of the film can be precisely controlled by
using NCs of different size and composition, taking advantage
of nearly 30 years of development in the synthesis of colloidal
inorganic nanocrystals. Hierarchical structures can be intro-
duced 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:**~* NCs are mixed with micelles made of
amphiphilic block copolymers, then deposited as a film that
consists of NCs assembled around the micelle template;
removal of this template gives an open porous network of NCs.
On the other hand, postprocessing 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 for lithographic patterning of nanocrystal films. Such
a development would enable applications which simulta-
neously require hierarchical mesoscale structures and micro-
scale patterned elements such as porous waveguides,""**
multiplexed gas sensors,’ and diffractive optical elements with
refractive index tunability.*>**

Here, we describe the scope, performance, and chemical
mechanisms of ligand-free direct optical lithography of
colloidal NCs through the photo-oxidation of surface ions.
The native NC ligands from the original colloidal synthesis are
first stripped by a strong acid, such as HBE, in DMF, to yield
electrostatically stabilized “bare” NCs. The NCs are deposited
as a film and irradiated 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-BF, NCs and 405 nm light exposure. This
approach is easily generalized to other II-VI, III-V, and
metal oxide NCs. Mixtures of NCs can be used to tune
composition of the pattern layers or to pattern materials that
are transparent at the desired illumination wavelength. For
example, ZnSe NCs can be used as a sensitizer to enable the
patterning of visibly transparent NCs such as HfO, and ZrO,
NCs with 405 nm light. The results of ultraviolet—visible
optical absorption, X-ray photoelectron, and Fourier transform
infrared spectroscopies indicate that this patterning works by
the oxidation of surface ions (e.g, Se’” is oxidized to SeO,),
which causes the desorption of bound DMF ligands. Finally,
we demonstrate methods to tune the porosity of patterned NC
film through block copolymer templating and hot isostatic
pressing.
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RESULTS AND DISCUSSION

The patterning process via photo-oxidation is shown in
Scheme 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 HBF, in DMF to colloidal NCs dispersed
in toluene, causing the NCs to immediately precipitate out. To
remove the displaced organic ligands and excess ions, the NCs
are washed several times by dissolving them in DMF and
reprecipitating them 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 deposited as a thin film by spin
coating, and the film is 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.

Microscale patterns of 3 nm ZnSe-BF, NCs obtained
through the photo-oxidation process are shown in Figure 1.
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Figure 1. Optical microscope images showing patterns of ZnSe-BF,,
NCs obtained by photo-oxidation patterning.

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 (trifluoromethanesulfonic) acid
instead of HBF, (Figure 2A). This suggests that the patterning
process is not exclusive to the chemistry of a specific
counterion. We also show the patterning of other bare
semiconductor and oxide NCs such as 4 nm CdSe, 6 nm
ZnS, 4 nm InP, 2 nm CeO, (Figure 2B—D). Optical properties
were preserved; we found, for example, that the position and
shape of the photoluminescence (PL) peak of the CdSe-BF,
NCs do not change appreciably upon irradiation (Figure S1).
We also were able to pattern photoluminescent core—shell
NCs, including 9 nm CdSe/ZnS NCs and CdSe/CdS dot-in-
rod (2 nm X 10 nm) NCs (Figure 2EF). Although the
required patterning dose changes depending on the identity of
the NCs, the successful patterning of all these NCs shows that
the technique of solubility modulation by photooxidation

should be extendable to other types of NCs with only a modest
investment of optimization time. The only obvious require-
ment for successful patterning is that the NCs must have
significant absorption at the irradiation wavelength.

To a certain extent, even transparency can be overcome as
an obstacle; for some bare NCs that were not patternable on
their own, we were able to overcome this limitation by mixing
them with NCs that were patternable. For instance, visually
transparent HfO, nanorods (12 nm by 3 nm) and 3 nm ZrO,
NCs can be patterned with 405 nm light by mixing in about 25
wt % of 3 nm ZnSe NCs as a sensitizer (Figures 2H and S2A).
The quality and resolution of the patterns remain good as
shown by the patterning of 1 ym features (Figure 2H, inset),
although a significantly higher dose (~1.8 J/cm?) is required.
A final exceptional case is worth mentioning: a particular batch
of 8 nm core—shell CdSe/CdS-BF, NCs were difficult to
pattern on their own through this approach despite their strong
absorption at the chosen wavelength. This was due to the
irreversible aggregation of these NCs upon spin-coating,
leading to insoluble films even without irradiation. We
hypothesize that this is due to unoptimized surface chemistry
that decreases the electrostatic repulsion between the NCs.
However, we show that these CdSe/CdS-BF, NCs can still be
patterned by mixing them with ZnSe-BF, NCs (Figure S2B).
The ZnSe-BF, NCs help enable patterning by serving as a
spacer that prevents the irreversible aggregation of the CdSe/
CdS-BF, NCs.

We also investigated the pattern quality achieved through
this approach in terms of the line-edge roughness, surface
roughness, and thickness. The line-edge roughness for a
pattern of ZnSe NCs was evaluated through top-down and
cross-sectional SEM and found to be on the order of tens of
nanometers (Figure S3). We note that this roughness is a
convolution of many components of our lithographic process
including the roughness of the exposure mask. The surface
roughness of the film was estimated to be about 14 nm (Figure
S4A), which is a likely a function of the spin-coating conditions
and could potentially be further improved by optimizing the
spin speed, additives, solvents, etc. In terms of thickness, we
successfully patterned ZnSe NC films with thicknesses up to
400 nm (Figure SS). However, spin-coating films at these
thicknesses can be challenging due to the formation of cracks.
The theoretical thickness should be limited by the penetration
of light into the film, which we estimated for ZnSe NCs to be
about 1 ym with 405 nm light exposure (Figure S6). If the
exposure wavelength can be changed, the light penetration
length can be tuned based on the absorption coeflicient.
Hence, thicker patterns should be attainable with further
optimization of the spin-coating parameters, the use of other
deposition techniques (e.g, doctor-blading, spray-coating),
and the possible addition of plasticizers to prevent cracking.

Although we could pattern any of the inorganic NCs here,
there are several requirements we have empirically determined
for achieving high-quality patterns through this approach. First,
it is important that nonirradiated NCs remain sufficiently
spaced apart prior to the development step to avoid getting
trapped in the deep primary minimum of a Derjaguin—
Landau—Verwey—Overbeek (DLVO) potential. In previous
patterning approaches using a photosensitive additive, the
unirradiated additive molecule/ions play the role of spacers
between NCs, preventing their irreversible aggregation by van
der Waals forces.”! In this ligand-free approach, this role falls
on the DMF molecules that are adsorbed on the NC surface as
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Figure 2. Optical microscope images of patterns made of various NCs and counterions. (A) Patterns of ZnSe NCs with triflate (OTf")
counterions. (B—G) Patterns of CdSe NCs, ZnS NCs, InP NCs, CeO, NCs, CdSe/ZnS NCs, and CdSe/CdS dot-in-rod NCs with BF,~
counterions. (H) Patterns of HfO, NCs mixed with ZnSe NCs (as the sensitizer).

L-type ligands, as previously studied.”**° 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 parameter in 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 approaches that utilize
photosensitive ligands or additives”*' and comparable to or
lower than the dosaige required for patterning commercial
polymer photoresists.”

To elucidate the patterning mechanism, we investigated
changes to the NCs during the photoirradiation process.
Ultraviolet—visible optical spectroscopy showed a small blue-
shift and reduction in intensity of the first absorption peak of
ZnS, CdSe, and ZnSe NCs stabilized with BF,” in DMF upon
irradiation with light (Figure 3A—C). This is consistent with
previous reports on the photo-oxidation of colloidal NCs.”””’
We also found that the photodegradation is much more
significant for bare NCs compared to organic-capped NCs
(Figure S7). This is reasonable since bare NCs lack the

16070

>
w

ZnS BF, NCs CdSe BF, NCs

—( S O0s

= —30s = —5s

S —120's S 30s

4 300s 48 60s

= = —120's

-~ -~ e300 s

3 2 ——600s

< <

T '_7 T | F T T T
300 350 400 300 400 500 600 700

Wavelength (nm) Wavelength (nm)

(@]

ZnseBF,Ncs D

0 S
5s
30s
e 60 S
=120 s
fr= 300 S
=600 s

ZnSe BF, NCs (in N,)

Abs (arb. unit)
Abs (arb. unit)

300 400 500 600 300 400 500 600
Wavelength (nm) Wavelength (nm)
Figure 3. Changes in the NC optical absorption spectra upon light
exposure. A 254 nm light source (~6 mW/cm?) was used to
irradiate ZnS NCs (A), while a 405 nm light (~30 mW/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 spectra.

protecting organic ligands that can prevent oxygen from
interacting with the NC surface. No significant change to the
absorption features is observed upon the irradiation of, for
example, ZnSe-BF, NCs in a nitrogen atmosphere (Figure
3D). To conclusively demonstrate the importance of oxygen
for this patterning mechanism, we carried out a control
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Figure 4. Further investigation of the pattering mechanism via photo-oxidation. (A, B) XPS spectra of the Se 3d and Zn 2p,,, regions for
ZnSe-BF, NCs before and after irradiation. (C) { potential measurements of ZnSe-BF, NCs after various irradiation times with 405 nm light.
(D) FTIR spectra of a ZnSe-BF, NC film before and after irradiation with 405 nm light and drying at ambient conditions (bottom three
spectra). As a comparison, the spectra of a ZnSe-BF, NC film with the same durations of drying time (but without irradiation) were also
measured (middle three spectra). A reference DMF spectrum is also shown (top spectrum).

experiment where we irradiated a ZnSe-BF, NC film in a
nitrogen atmosphere (Figure S8). Irradiation in air-free
conditions did not result in a solubility change of the ZnSe-
BF, 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 a clear reduction of colloidal
solubility.

We also carried out X-ray photoelectron spectroscopy (XPS)
to measure changes in the chemical bonding of surface ions
(Figure 4A,B). Before irradiation, the Se 3d region of ZnSe-
BF, NCs show peaks that can be primarily attributed to ZnSe
(Se 3ds,,, 54.10 €V; Se 3d;,,, 54.96) and potentially a small
amount of Se/SeOH (Se 3ds,, 55.20 eV; Se 3d;,,, 56.06).*
Upon irradiation, new peaks in the Se 3d region were observed
(Se 3ds/5, 59.0 €V; Se 3d;,,, 59.86) that correspond to SeO,,
consistent with previous reports.”****” There is also a
perceptible 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 XPS spectra for the Zn 2p;,
level, which is known be sensitive to the chemical environment
of Zn.*

Optical absorption, XPS, and oxygen-free patterning control
experiments all point toward a photo-oxidation-induced
solubility change of NCs. However, they do not directly reveal
the mechanism by which photo-oxidation changes the

16071

fundamental colloidal interactions that lead to this solubility
change. To clarify this, we carried out { potential and Fourier
transform infrared (FTIR) spectroscopic studies to further
probe the changes in the colloidal and surface chemistry upon
photo-oxidation. Interestingly, the measured { potential of the
NCs during this photoaggregation process was mostly
unchanged at about +50 mV (Figure 4C), even though
significant aggregation was observed in the dynamic light
scattering spectra (Figure S9). This is in contrast with other
patterning approaches that show the reduction of the
potential due to neutralization of the surface charge.” Hence,
the aggregation of NCs by photo-oxidation does not seem to
stem from the neutralization of the positive surface charges.
FTIR spectroscopy was also used to investigate changes in
the ligand chemistry. We were particularly interested in
observing the effects of photo-oxidation on the surface-
bound DMF ligands. Since DMF ligands slowly desorb from
the NC upon drying in air, we compared the FTIR spectra of a
ZnSe-BF, NC film that was dried and irradiated to another NC
film that was dried for the same amount of time (Figure 4D
and Figure S10). Our results indicate that photoirradiation
significantly increases the desorption rate of DMF as shown by
the significantly larger decrease in the DMF FTIR peaks (1659
em™}, 1497 cm™!, 1436 cm™, 1382 cm ™) for the NC film that
was both irradiated and dried compared to NC film that was
only dried. The difference was particularly stark after the first 2
min of irradiation, which indicates that most of the
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Figure S. 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) Scheme showing the hot isostatic pressing (HIP) of NC films. (C, D) Optical microscope and SEM images of a patterned
mesoporous ZnSe-BF, NC film. The mesoporosity was introduced by adding 14 wt % PBEO to the NC solution. (E, F) Optical microscope
and SEM images of patterned ZnSe-BF, NCs after hot isostatic pressing at 270 °C and 15 000 psi. (G) SEM image of ZnS-BF, NCs after hot
isostatic pressing at 450 °C and 15 000 psi. (H) Refractive indices of ZnSe-BF, NC films as cast, after mesoporous templating, and after hot
isostatic pressing treatments at 270 °C and various pressures. (I) Refractive indices of ZnS-BF, NC films as cast and after hot isostatic

pressing at 450 °C and various pressures.

photoinduced desorption of DMF happens within that time
frame. At the same time, photoirradiation also increases the
broad IR absorption feature around 3400 cm™', which we
attribute to the increase in the number of hydroxyl groups on
the NC surface, consistent with our XPS data.

To account for all these experimental observations, we
propose that the photo-oxidation patterning occurs through a
mechanism that involves the desorption of DMF ligands from
the NC surface due to steric hindrance by oxidized species. For
instance, the oxidation of surface Se*” into bulkier SeOH or
SeO;>” groups blocks the ability of DMF ligands to bind to the
surface metal sites, leading to their desorption and the loss of
colloidal stability.

Thus, far, we have demonstrated the patterning of all-
inorganic NCs by photoinduced solubility changes and studied
the mechanism of those changes. To further extend the
versatility of this approach, we also investigated ways to tune
the microstructural features of these patterned films, such as
the film porosity. The porosity of NC films is an important
parameter for the functionality of various NC devices. For
instance, porosity plays a defining role in the accessibility of the
NC surfaces to adsorbates 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 as high an 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).

16072

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
SA).2°7* 1In 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 their solubility
in DMF. Upon development with DMF, both the NCs and
polymer in the unexposed parts of the film are fully removed.
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
indicates that the oxidative photopatterning results in relatively
strong interactions between NCs when they are precipitated
from solution.

Optical microscopy shows that mesoporous ZnSe NC films
can be formed using this method (Figure SC). 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 photoaggregation
efficiency. SEM imaging confirms the presence of 50—100 nm
mesopores within the patterned structure (Figure SD and
Figure S11B), 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, nontemplated ZnSe
NC film (n = 1.94), as measured by ellipsometry (Figure SH).
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On the other hand, to reduce nanoparticle film porosity, we
carried out preliminary experiments on the use of hot isostatic
pressing (HIP) to densify patterned NC films (Figure SB).
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 caused by nonhydrostatic stresses.”® We subjected
ZnSe-BF, and ZnS-BF, NC films to HIP at several different
temperatures and pressures of N, and studied their effect on
the film porosity, grain size, and pattern features. Optical
microscopy (Figure SE) showed that a patterned film of ZnSe-
BF, NCs did not crack or change visibly after HIP at 270 °C
and 15000 psi (1034 bar), and the line edge roughness and
surface roughness (12 nm) remained similar (Figures S4B and
S12). SEM showed significant densification of the ZnSe NC
film upon HIP treatment (Figure SF) with a notable reduction
of the 10—20 nm pores found in untreated ZnSe-BF, NC films
(Figure S11A).

To quantify the densification of ZnSe NC films by HIP, we
measured the changes in the refractive index of the NC films
through ellipsometry (Figure SH). For ZnSe NC films that
were annealed at 270 °C, using an isostatic pressure of 3500
psi (241 bar) led to a significantly higher refractive index (n =
2.09) compared to annealing under the standard atmospheric
pressure of 15 psi (n = 1.97). However, further increasing the
pressure to 15000 psi yielded no further increase in the
refractive index. Moreover, XRD analysis shows no significant
increase in the Scherrer domain size of the NCs (2.7 nm) after
HIP at 270 °C and 15000 psi (Figure S13A). This indicates
that the densification is due to a reduction in porosity rather
than grain growth.

We also measured changes in the refractive index of ZnS NC
films after HIP at 450 °C. Our results show a similar increase
in the refractive index with increasing pressure (Figure SI). In
this case, however, we found that annealing a spin-coated ZnS
NC film (n = 1.79, as cast) with a pressure of 15000 psi
yielded the highest refractive index (n = 2.22) compared to
annealing under standard pressure (n = 2.03) or at 3500 psi (n
= 2.10). Both SEM and XRD showed that HIP treatment at
450 °C and 15000 psi led to an increase in grain size, with an
increase in the Scherrer size from 6.2 to 7.1 nm (Figure 5G and
Figure S13B). Hence, densification in this scenario is also
aided by grain growth of the NCs.

To determine the porosity of the film from its refractive
index, we can use effective medium models. One model which
works well for nonabsorbing nanoporous films is the model
that applies the volume averaging theory (VAT) to Maxwell’s
equations.“g’50 According to this model, the volume fraction, ¢,
of the dispersed phase is given by

2 2
Mg ne

b=

ng —n
where ng is the refractive index of the dispersed phase, n. is the
refractive index of the continuous phase, and n. is the
measured effective refractive index. For ZnSe NC films, n4 =
2.578 (the bulk refractive index) and n_ = 1 (air). After HIP at
270 °C and 3500 psi, we have n. = 2.09, resulting in a NC
volume fraction of ¢ = 0.60. This is considerably larger than
the volume fraction of as-cast NC films (¢ = 0.49). For ZnS
NC films, the bulk refractive index is nq = 2.3S. Applying HIP
treatment at 450 °C and 15000 psi results in the refractive
index of n = 2.22, which gives a packing fraction of ¢ = 0.87.

This is much higher than the packing fraction of as-cast ZnS
NC films (¢ = 0.51). Thus, hot isostatic pressing can increase
the packing fraction of NCs by as much as 0.36.

We have shown that the porosity of patterned NC films can
be tuned by block copolymer templating and HIP. 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
mesoporosity 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.*>*’

CONCLUSIONS

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 CeO,
NCs, as well as mixtures of NCs. We also probed the chemical
changes induced during the patterning process, and our results
are consistent with the photo-oxidation of surface ions by
oxygen, leading to the desorption of DMF and the aggregation
of NCs. Finally, we show that polymer templating and hot
isostatic pressing are viable approaches to modulate the
porosity and refractive index of the patterned NC films. These
additional knobs for porosity control extend the versatility of
colloidal NCs in nanophotonic and gas sensing applications.

METHODS

Ligand Stripping of NCs. Colloidal ZnSe, ZnS, CdSe, ZrO,,
HfO,, CdSe/CdS, and CdSe/ZnS NCs with organic ligands were
synthesized according to modified recipes from prior reports. More
details on the syntheses can be found in the Supporting Information.
InP NCs were obtained from Nanosys and used after precipitation
with ethanol, centrifugation, and resuspension in toluene.

HBF, in DMF (S wt %, 0.57 M) was prepared by adding HBF,—
diethyl ether complex solution dropwise to DMF with a volume ratio
of 1:9 (caution: vigorous reaction). About 0.1 mL of this HBF, solution
was added to a solution of organic-capped NCs dispersed in 1 mL of
toluene (~20 mg/ mL). The addition of acid immediately induced the
precipitation of the NCs. After vortex mixing for 20 s, the NC
suspension was centrifuged. The supernatant was discarded, and the
NC residue was washed 3—6 times by dissolving it in DMF and
precipitating it with toluene, depending on the type of NC. (For ZnSe
NCs, 6 washing cycles were done, each involving 0.5 mL of DMF
followed by ~1.5 mL of toluene.) After washing, the NCs were finally
dispersed in DMF at a concentration of about 50—100 mg/mL. This
ligand-stripping procedure could be scaled up by a volume factor of
10 without any apparent effect on the colloidal stability. For ligand-
stripping with triflic (trifluoromethanesulfonic) acid, the same
procedure was used, replacing the HBF, solution with triflic acid
dissolved in DMF (0.5 M).

Photo-Oxidation Patterning. Silicon wafers with a native oxide
layer were cut into 1 in. X 1 in. substrates and sonicated in acetone (§
min) and ethanol (5 min), then cleaned with oxygen plasma for about
10 min. The bare NCs were deposited onto the substrate by spin-
coating. The substrate, with the NC film facing up, was then placed on
a glass slide. A patterned chrome mask, with the mask layer facing
down, was then placed on top of the substrate. Two binder clips were
then used to hold the stack together. This stack was then exposed to
405 nm light (M40SLP1-C1, Thorlabs, measured power density of
~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 N, gun. Patterns of mixtures of bare NCs were obtained
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by vortex mixing of two different NC solutions before 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
ZnSe NC-BF, solution to obtain 14 wt % of PBEO with respect to the
mass of NCs. After vortex mixing, the PBEO-ZnSe NC-BF, mixture
was patterned according to the same procedure as above.

Hot Isostatic Pressing (HIP) of NC Films. Unpatterned or
patterned ZnSe-BF, NC films on Si or glass substrates were placed in
a stainless-steel reactor, which was pressurized at room temperature
with ultrahigh purity N, gas and a pressure booster to a precalculated
pressure (e.g., 8000 psi) to reach the desired pressure (e.g,, 15000
psi) at the set heating temperature (e.g., 270 °C). The sealed reactor
was then heated to the set temperature, which also led to an increase
in pressure to the desired pressure. The HIP treatment was carried
out for 16 h, after which the reactor was cooled down and
depressurized.
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