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Abstract

Microscale patterning of solution-processed nanomaterials is important for integration in
functional devices. Colloidal lead halide perovskite (LHP) nanocrystals (NCs) can be particularly
challenging to pattern due to their incompatibility with polar solvents and lability of surface
ligands. Here, we introduce a direct photo-patterning approach for LHP NCs through the binding
and subsequent cleavage of a photosensitive oxime sulfonate ester (—C=N-OSOO-). 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.

Main Text
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
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(LEDs),>’ color conversion filters,® lasers,”!! solar cells, visible-light photodetectors,'* X-ray

1516 and quantum emitters.!” As the library of LHP NCs and perovskite-related

scintillators,
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

1819 ink jet printing,?*2! X-ray lithography,? electron-beam lithography,?

micro/nano-imprinting,
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

2



process have been explored such as using silica-encapsulated LHP NCs,® orthogonal fluorinated

photoresist and developer,?* and adding a self-healing recrystallization step.’

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.?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§233

We recently introduced a patterning approach for colloidal nanomaterials which we call
direct optical lithography of functional inorganic nanomaterials (DOLFIN).**3> 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
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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 CsPbBr; and CsPbBr3;.xClx LHP NCs
through a light-induced ligand cleavage mechanism. A photosensitive oxime sulfonate ester
(-C=N-0SOO0O-) is first mixed with the NCs to displace some of the native ligands. Upon
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.

CsPbBr3 NCs capped with oleic acid (OAc) and oleylamine (OAm) 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
(Scheme 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.

Scheme 1. Outline of the processing steps for direct photolithography of CsPbX3 LHP NCs with
the photosensitive oxime sulfonate ester.
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optical microscope with features sizes as small as 1 um (Figure 1A—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
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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 1E). The PL
lifetime after this PbBr2/OctAc/BuAm treatment was also longer (tavg = 7.3 ns) compared to the
as-synthesized CsPbBr; OAmM/OAc NCs (tayg= 4.8 ns), as shown in Figure S10. 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 PbBr2/OctAc/BuAm/TFA was used, the PLQY was roughly the same (76%), but the PL lifetime
was slightly reduced (tavg = 3.5 ns), 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 1. (A-C) Fluorescence optical microscope images of micro-patterned films of CsPbBr3
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.

To elucidate the patterning mechanism, we investigated the changes that occur during each
step of the patterning process (Figure 2). First, we measured the absorption and PL spectra of
solutions and films containing LHP NCs and PA-480 (Figure 2A and S1) 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
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and red-shifts by only 1 nm (to 513 nm) after irradiation in solution. The solution PLQY drops
from 31% to 19% after addition of PA-480 but recovers to 23% after irradiation (Figure S9). For
films, the PL spectra further red-shifts by about 5 nm (to about 517 nm) after patterning and
treatment (Figure 1D), 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 S2), we infer that the
photodecomposition process of PA-480 (Figure S3) is not significantly affected by the presence of
the LHP NCs.

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 2B and S6).
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).**7 The as-synthesized CsPbBr; NCs have mostly broad
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=O 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=0 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=0O and S=0) are replaced by bound trifluoroacetate
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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 2. Investigation of the CsPbBr3 NCs and their ligands after each step of the DOLFIN
patterning process. (A) Solution-phase absorption and photoluminescence spectra of CsPbBr3 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 CsPbBr3 NCs after development.



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 2C). Careful examination
of the pseudo-cubic (100) peaks (20 ~ 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 S4). 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
S1).>1-2 Transmission electron microscopy (TEM) reveals that the average size of the LHP NCs
remains constant at about 10 + 2 nm throughout the entire patterning process (Figure S5). 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 2D).

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 S7). The
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.

The emission wavelength of the LHP NC patterns can also be tuned across the visible

spectrum by modifying its halide composition (Figure 3).>3* 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 CsPbBr3;xClx NCs emitting at 447 nm, with x ~ 1.5
(Figure 3A,F). Alternatively, patterned CsPbBr3 NCs can be transformed into CsPbBr3.xIx NCs by
treating the film with a solution of Pbly/oleic acid/oleylamine in ethyl acetate (Figure 3C-D).
Depending on the solution concentration and treatment time, various degrees of anion exchange
occurred (Figure 3E). With this approach, CsPbBr; NCs emitting at 522 nm can be red-shifted to
CsPbBr3xIx NCs emitting up to 653 nm, with x ~ 2 (Figure 3F). Although this 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
S11).

CsPbBr, Cl, CsPbBr,

A

-

CsPbBr;
CsPbBr, CI, CsPbBrg, |,

JUU\

400 450 500 550 600 650 700
Wavelength (nm)

Film PL (a.u.)

Increasing Pbl, treatment time CsPbBr
3-x'x

CsPbBr,

Figure 3. Fluorescence optical microscope images of micro-patterned films of CsPbBr3.xClx (A),
CsPbBr3 (B) and CsPbBr3«Ix (C&D). (E) Fluorescence image of a patterned CsPbBr3 film that was
slowly pulled out from a solution of Pbly/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 CsPbBrs.«Ix NCs were obtained by post-patterning anion exchange, while the CsPbBr3.
xClx NCs were synthesized directly.

We also explored the patterning of multiple layers of LHP NCs. Figure 4 shows patterning
of a layer of CsPbBri«Ix NCs, followed by a second layer of CsPbBr3 NCs. Anion exchange
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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 S8).3

1stlayer: CsPbBr,, |, (horizontal stripes)
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Figure 4. 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 CsPbBrs«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.

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 CsPbBr3; NCs on top of an interdigitated gold electrode (Figure SA—B). After treating

the NCs with a trifluoracetic/butylamine solution, the devices exhibit a distinct photo-response to

11



violet light (Figure 5C), 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 CsPbBr; films,*>>¢ 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 5. Photoconductivity of patterned CsPbBr; 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.

In summary, we have demonstrated the patterning of CsPbX3 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
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optoelectronic applications. This approach shows the capability of carefully designed

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

Methods

Synthesis of CsPbX3 NCs. CsPbBr3 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 N> 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 N> 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 CsPbBr3;.xClx NCs, a similar procedure
was used except that a mixture of benzoyl bromide (25 puL) 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 puL of
chlorobenzene (or toluene). To this solution, 16 pL of PA-480 pre-dissolved in chlorobenzene (or
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 N> gun. Occasionally, a pre-exposure and a

post-exposure baking step at 70 °C was used to increase the contrast. For multiple layer patterning,
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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 PbBr2/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/BuAm/TFA treatment
solution, the same procedure was used but with trifluoroacetic acid (0.5 mmol, 38 ulL) 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 Pbly/oleic acid/oleylamine in
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 pum, 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).
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