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ABSTRACT: Overcoming the challenges of patterning luminescent
materials will unlock additive and more sustainable paths for the
manufacturing of next-generation on-chip photonic devices. Electro-
hydrodynamic (EHD) inkjet printing is a promising method for
deterministically placing emitters on these photonic devices. However,
the use of this technique to pattern luminescent lead halide perovskite
nanocrystals (NCs), notable for their defect tolerance and impressive
optical and spin coherence properties, for integration with optoelectronic
devices remains unexplored. In this work, we additively deposit nanoscale
CsPbBr; NC features on photonic structures via EHD inkjet printing. We
perform transmission electron microscopy of EHD inkjet printed NCs to
demonstrate that the NCs’ structural integrity is maintained throughout
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pIa14 214193)3

the printing process. Finally, NCs are deposited with sub-micrometer control on an array of parallel silicon nitride nanophotonic
cavities and demonstrate cavity—emitter coupling via photoluminescence spectroscopy. These results demonstrate EHD inkjet
printing as a scalable, precise method to pattern luminescent nanomaterials for photonic applications.

KEYWORDS: perovskite nanocrystals, inkjet printing, photonic crystal cavity, transmission electron microscopy, additive manufacturing,

hybrid integrated photonics

Nanoscale patterning of materials has been critical for the rapid
advancement of electronic information processing technolo-
gies."”” The patterning of luminescent materials attracted early
research interest,” and this capability has become critical for
many emerging photonic device platforms where the precise
heterointegration of emitters and other materials on nano-
photonic structures is needed.”” Inkjet printing has emerged as
a promising method for patterning photoactive nanocrystals
(NCs) because it is a rapid, mask-free method of placing on-
demand droplets of a material into any arbitrary pattern with
almost no material waste.””® Typical inkjet printing resolutions
are limited to tens of micrometers, which is less precise than is
needed for integrated photonics. Smaller printed features can
be generated with electrohydrodynamic (EHD) inkjet printing,
a process that uses an electric field applied from the print
nozzle to overcome surface energetics and viscous kinetics that
limit mechanical droplet formation to generate droplets far
smaller than those obtained with traditional inkjet printing.”"’

EHD inkjet printing of luminescent NCs has been used to
manufacture light-emitting diodes,"""? photodetectors,B and
chip-integrated plasmonic lasers.'”'> Additionally, EHD inkjet
printing has been investigated as a potential method for
patterning luminescent materials on integrated photonic
circuits because it is compatible with numerous substrate
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types and ink compositions. Early work in this area focused on
integrating CdSe NCs with plasmonic structures,'®'” and it
was shown that in some cases, CdSe NCs could be placed on
gold plasmonic wedge waveguides at the single-emitter level.'®
Organic dye molecules have also been coupled to photonic
crystal cavities with EHD inkjet printing,'* and a recent report
demonstrated that quantum emitter behavior could be
obtained from EHD inkjet printed terrylene dye molecules.'”
Since then, perovskite NCs have emerged as promising
materials for quantum photonics due to their impressive lasing
properties,””>" superior single-photon emission,”>** lifetime-
limited excited-state spin coherence,”* and intriguing collective
emission properties.”>*® These NCs have been patterned with
subtractive optical lithography,”” ™" lower-resolution inkjet
printing,30’31 and EHD inkjet printing for LEDs>? and radiative
lifetime-encoded security tags,”> but EHD inkjet printing has
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Figure 1. (a) Scheme describing the EHD inkjet printing setup. A computer-controlled AC source creates an alternating voltage profile between
the print nozzle and the printer bed via a small electrode embedded in the print nozzle. This voltage generates an electric field between the print
nozzle and the print substrate that drives printing. Inset: diagram showing the effect of an electric field on the meniscus at the tip of an EHD inkjet
print nozzle. Partial polarization of the NC ink overcomes the ink’s surface energy and draws a convex Taylor cone out of the EHD nozzle to
produce small droplets that form the final print pattern. PL microscope images of printed CsPbBr; NCs on a fluorinated SAM-treated silicon

substrate with (b) 2 um feature spacing and (c) 20 pm feature spacing.

not been used to deterministically place perovskite NCs on
nanophotonic cavities, an advancement that is necessary to
develop next-generation chip-integrated quantum photonic
devices. Furthermore, given the many documented structural
instabilities of individual perovskite NCs** and self-assembled
arrays of these NCs,* a thorough analysis of these materials
after EHD inkjet printing is necessary to evaluate whether the
high voltages used during processing are compatible with these
notoriously unstable materials.

In this work, we use EHD inkjet printing to deterministically
position CsPbBr; NCs on nanophotonic structures. Atomic
force microscopy (AFM) images and photoluminescence (PL)
studies of the printed NCs show that tunable NC features with
diameters of 500 nm and heights of 50 nm could be
reproducibly fabricated without compromising the NCs” PL
properties. Additionally, we use silicon nitride membrane
transmission electron microscopy (TEM) grids to collect the
first-high resolution TEM images of EHD printed NCs to date.
These images show that, in some cases, 200 nm printed
features containing <200 individual NCs can be fabricated with
EHD inkjet printing. Finally, we demonstrate that this printing
method can be used to deterministically place these NCs onto
silicon nitride nanobeam cavities”"*® with NC emission being
successfully coupled to the cavity modes. These results show
that perovskite NCs can be effectively processed with EHD
inkjet printing with high precision and at scale for photonic
device integration.

CsPbBr; NCs were synthesized and the original ligands were
replaced with didodecyldimethylammonium bromide accord-
ing to methods reported previously.”**” This synthesis yields
orthorhombic perovskite NCs with an average edge length of
9.7 + 2.1 nm and narrow ~520 nm PL with a PL quantum
yield of ~80% (see Figure S1 in the Supporting Information).
The NCs were then dispersed in a 1:1 mixture of octane and

hexadecane at a NC concentration of ~107 M for the
formulation of a stable EHD printing ink dispersion. Figure la
shows a schematic of the EHD inkjet printing setup used in
this work. Printing is performed by applying a voltage between
the electrode within the print nozzle and the substrate ground
plane. This voltage polarizes the printing solution, creating an
electric field that overcomes the intrinsic surface energy
controlling the meniscus curvature of the EHD ink at the
nozzle orifice, i.e. creating a Taylor cone at the tip of the print
nozzle, as illustrated in the inset of Figure la. Computer
control of the voltage parameters associated with this electric
field allows droplet formation and acceleration toward the
substrate, and the controlled movement of the substrate stage
enables the printing of very high resolution patterns. Silicon
and glass substrates coated with a fluorinated self-assembled
monolayer (SAM) were used to prevent droplet spreading that
could increase printed feature sizes. Printing was performed
with “bump mode” waveform control, a method of printing
where the control software stops the print nozzle at discrete
points and applies a 75% square-wave AC potential with a
frequency of 1 kHz, an amplitude of 200 V, and a bias of 400 V
for a set time to dispense femtoliter-scale NC ink droplets at
each point (see Figure S2 in the Supporting Information). This
approach allows fine and arbitrary tuning of the NC drop
spacing in any desired pattern.

Figure 1b,c shows PL microscope images of EHD inkjet
printed CsPbBr; NCs under 450 nm excitation. The 210 pm
print pattern in Figure 1b consists of 2 ym spaced NC features
printed with a 70 ms hold time. Figure 1c shows a section of a
500 pm pattern composed of 20 um spaced features printed
with a 40 ms hold time. The hold times were selected on the
basis of an optimization to maximize the ratio of on-target to
off-target printed features, as exemplified in Figure S3 in the
Supporting Information. Green PL is observed from each
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printed NC feature, and the 2 and 20 ym grid patterns are well
maintained across the entire printed pattern with few defects.
To test whether EHD inkjet printing affects the optoelectronic
properties of the CsPbBr; NCs, steady-state PL studies of NCs
before and after printing were conducted. Figure 2a shows PL
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Figure 2. (a) Normalized PL spectra of CsPbBr; NCs drop-cast from
hexanes solvent and EHD inkjet printed on a silicon substrate. Inset:
photograph of printed patterns on a glass substrate, under 450 nm
illumination. The 1 mm? print patterns visible here have different
brightnesses because they were printed with different parameters and
different numbers of print passes. AFM images of NCs printed with
20 pum feature spacing and bump hold times of (b) 40 ms and (c) 70
ms. (d) AFM image of NCs printed with 2 ym feature spacing. (e)
Height profiles from the color-coded lines in the AFM images in
panels (b)—(d) showing controllable, sub-micrometer NC feature
sizes.

spectra of a printed NC feature and an ensemble of the same
NCs drop-cast onto a silicon substrate. The PL spectrum of
this large, printed feature is unchanged, but a minor blue shift
is noted for smaller printed features (see Figure S4 in the
Supporting Information). Furthermore, the inset of Figure 2a
shows that, when NC print patterns are excited with 450 nm
light, visible NC PL can be observed with the eye and imaged
with a cell phone camera. The NCs thus remain bright
following the EHD inkjet printing process.

Figure 2b—d shows AFM images of EHD inkjet printed
CsPbBr; NCs, and Figure 2e shows height profiles collected
along the color-coded lines shown in Figure 2b—d. These
printed features are less than 1 um in diameter, which
highlights the high-resolution patterning capability of EHD
inkjet printing. Figure 2d and the additional AFM image in
Figure S5 show that remarkably consistent feature spacings of
2 um can be readily achieved with this technique. The height
profiles in Figure 2e further demonstrate that printed features
can be reduced to diameters as small as 500 nm by optimizing
print parameters. These liquid-ink-derived features show
minimal “coffee ring” character and smaller final NC feature
dimensions in comparison to features printed on untreated
substrates. This indicates that the fluorinated SAM-coated
silicon substrates result in a low liquid/solid interfacial energy
even for this ink that is formulated with nonpolar solvents
which tend to have low liquid/air interfacial energies and this
surface that has a low solid/air interfacial energy.**~*’ This
contributes to a dewetting effect that yields high-resolution
print features and less evidence of liquid/solid contact line
pinning. Additionally, while 500 nm diameter on-target
features could be reproducibly formed, a further AFM analysis
shown in Figure SS in the Supporting Information shows that
some off-target droplets form features with diameters below
300 nm, which suggests that further optimization of print
parameters could yield even smaller on-target EHD printed
NC features. Finally, the step heights observed for the prints
shown here are all multiples of the NC edge length of ~10 nm,
demonstrating that these print features are likely composed of
only two to four layers of CsPbBr; NCs.

Ideally, the NC crystal phase, size distribution, and cubic
shape would all be preserved after printing. These character-
istics can be measured by TEM, but EHD inkjet printed NCs
have not been characterized with high-resolution TEM to date.
The few reported TEM images of EHD printed structures were
collected from silica structures on copper TEM grids generated
with print biases between 6 and 12 kV*"* or from gold
nanostructures printed on molybdenum half-grids for STEM
imaging.”> The voltages used for silica printing would likely be
too high to adequately preserve perovskite NC PL properties,
as discussed above, and we were unable to successfully print
CsPbBr; NCs onto carbon-coated copper or nickel TEM grids
at lower voltages due to the grids’ high conductivity.
Furthermore, the molybdenum half-grid approach cannot be
used to collect high-resolution images or electron diffraction
(ED) patterns of printed structures, which are important for
assessing NC morphological and structural properties after
printing. Therefore, we used carbon-coated Si;N, membrane
TEM grids to image our EHD inkjet printed NCs. Figure 3a,b
shows optical microscope images of CsPbBr; NCs on collected
in PL and dark field modes, respectively. Printing voltages
(200—600 V) similar to those employed in Figures 1 and 2
were used to print on Si;N, membrane TEM grids, and NC PL
is clearly visible in regions both above the Si;N, window and
on the surrounding silicon support. We did not apply the same
fluorinated SAM treatment to the SisN, TEM grids as was
used on the silicon substrates discussed previously, which
results in the printing of larger droplets in Figure 3a,b due to
the surface energy differences between the carbon-coated TEM
grids and the fluorinated SAM treated silicon substrates.”’
Nevertheless, the high-angle annular dark field scanning
transmission electron microscope (HAADF-STEM) images
in Figure 3c,d show that each printed feature comprises
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Figure 3. (a) PL microscope image of EHD inkjet printed CsPbBr; NCs on a carbon-coated Si;N, membrane window TEM grid under 450 nm
irradiation. (b) Dark field optical microscope image of the same area shown in (a). The bright white line is the edge of the Si;N, TEM window. (c,
d) HAADF-STEM images of CsPbBr; NCs within an EHD inkjet printed droplet. (e) Edge length distribution of EHD inkjet printed NCs (blue)
and nonprinted NCs (red). (f) ED image of a selected area showing a spot diffraction pattern which indexes to the CsPbBr; Pnma lattice planes.
(g) ED pattern ring integration of printed CsPbBry; NCs (blue) in comparison with the XRD pattern of nonprinted NCs (red) and a standard
reference (black). The differing peak intensities are attributed to differences in preferential NC orientation in preparation for XRD and ED analysis.

Inset: large-area ED image used to acquire the integrated pattern in (g). Scale bars in (f) and (g) are 2 nm™".

1

clusters of individually resolvable CsPbBr; NCs. Additionally,
ordered NC superlattice domains are visible in these and the
other printed NC STEM images shown in Figure S6 in the
Supporting Information. We also find that some off-target
printed features are as small as ~200 nm in diameter and are
composed of 5200 individual nanocrystals (see Figure S7 in
the Supporting Information). Figure 3e shows edge length
distributions from NCs printed on Si;N, TEM grids and drop-
cast from hexanes onto a carbon-coated copper TEM grid. The
average NC edge lengths before and after printing are 9.7 + 2.1
and 9.8 + 1.6 nm, respectively, which demonstrates that the
NC size distribution is largely unchanged by the EHD inkjet
printing process. NCs printed on TEM grids with printing
biases between 250 and 1750 V have average edge lengths of
9.6 + 1.8 nm (see Figure S7 in the Supporting Information).
Figure 3f shows the ED obtained from a small area of the EHD
inkjet printed NCs. The spot patterns in this image index to
the orthorhombic CsPbBrj; crystal lattice, and the alignment of
the diffraction spots reinforces the observation that the printed
NCs form self-assembled superlattice domains under these
printing conditions. Finally, the radially integrated, large-area
ED pattern in Figure 3g can be directly indexed to the
orthorhombic CsPbBr; powder X-ray diffraction (XRD)
reference pattern and the XRD data obtained for nonprinted
CsPbBr; NCs, with no additional detectable crystal phases.
Notably, the ED peak intensities differ from the powder XRD
intensities, reflecting the preferred orientation of the printed
NCs.

The patterns analyzed above were all printed on blank
silicon substrates. To print NCs onto prefabricated Si;N,
nanobeam cavities,”*** we used an EHD inkjet printing
alignment process to ensure that printed droplets were placed
directly on the centers of the nanobeam cavities, as described
in Figure S8 in the Supporting Information. Aligned print
patterns were then coated with poly(methyl methacrylate)
(PMMA) to encapsulate the NCs against environmental
degradation during optical characterization and to preserve
the inversion symmetry of the refractive index surrounding the
cavity without affecting the NC PL (see Figure S9 in the
Supporting Information). The nanobeam cavities are designed
to maintain a high quality factor even when they are
encapsulated in a polymer.** Figure 4a shows a PL microscope
image of EHD inkjet printed NCs on a large array of
nanobeam cavities. The inset of Figure 4b shows a magnified
image of one individual nanobeam cavity, with additional
images being given in Figure S10 in the Supporting
Information. The green emission of the printed CsPbBr;
NCs is clearly visible at the centers and at the grating couplers
found at both ends of each nanobeam cavity waveguide. This
result shows that the printed NC emission is successfully
coupled into the nanobeam cavity and that EHD inkjet
printing successfully placed NCs onto all the devices. Figure 4b
shows the spectrum of emission emanating from the grating
coupler of the nanobeam cavity in the inset of Figure 4b. In
addition to the broad background PL of non-cavity-coupled
NCs, a sharp peak at ~517 nm is observed. This peak can be
assigned to NC emission that is coupled to the cavity mode of
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Figure 4. (a) PL microscope image of EHD inkjet printed CsPbBr;
NCs on an array of prefabricated monolithic Si;N, nanobeam cavities.
NC features were printed with 50 ym spacing, and several off-target
features are present. Visible PL can be seen emanating from the
grating couplers at the top and bottom of each cavity. (b) PL spectra
collected through a nanobeam cavity grating coupler. In addition to
broad background CsPbBr; NC emission, a sharp peak is observed at
~517 nm, associated with NC PL coupled to the nanobeam cavity
mode (Q =~ 1000). Inset: PL microscope image of the nanobeam
cavity characterized in (b). The scale bar is 10 ym.

this nanobeam cavity. Lorentzian fitting of this peak reveals a Q
factor of ~1000 for this cavity-coupled emission, which is in
good agreement with the expected Q factors for this nanobeam
cavity structure.”® We also note an additional higher order
cavity peak at ~503 nm. We attribute this mode to slight out-
of-plane inversion symmetry breaking of the refractive index by
the printed NCs.**

There are several important advancements in this work that
demonstrate the potential of EHD inkjet printing for the
integration of perovskite NCs with photonic devices. First,
despite the promising structural characterization in prior
reports of EHD inkjet printed CdSe'"'® or perovskite'®'”
NCs, the TEM data presented here provide unique and
comprehensive evidence of NC structure preservation and self-
assembly during the printing process. This result is particularly
important for perovskites because of their well-documented
environmental instability and the potential of both single-
perovskite NCs as single-photon sources’”*’ and self-
assembled superlattices as superfluorescent correlated photon
sources””° for chip-integrated quantum photonics. We also

collected TEM images of ~200 nm diameter off-target printed
features that contain <200 individually resolvable NCs, which
shows that this processing method can be used to place small,
ordered arrays of perovskite NCs on substrates for quantum
photonic device integration. The position of the printed NC
PL maximum varies slightly after EHD inkjet printing, but the
variations in peak position and spectral shape are minor. More
spectral information is needed to precisely assign the origins of
these variations, but we tentatively attribute the slightly blue
shifted emission of small, printed features to reduced
reabsorption.”® Some irreversible etching of the NCs under
these excitation conditions may further shift the PL maximum
of these small, printed features to slightly higher energy in
comparison to the lowest energy excitonic absorption feature
of the original, nonetched NCs, but this etching can be
mitigated with air-free measurements.”* These samples did not
generate sufficient PL intensity for PL quantum yield
measurements. In some instances, microscope-integrated
cavity measurements were used to successfully obtain this
parameter for organic dyes."”** Finally, while CdSe NCs have
been EHD inkjet printed on plasmonic devices with near-
micrometer precision,'”'® and reports of EHD printed
perovskite NCs demonstrate ink coalignment with a precision
of ~10 pum,” this report demonstrates sufficient feature
alignment precision to place perovskites on a ~10 mm? array
of dielectric photonic crystal cavities with unmatched, sub-
micrometer precision. The coalignment imprecision here is
greater than one micrometer but can be improved by using a
more precise print stage and alignment setup. Similarly, the Q
factor of ~1000 demonstrated here can be improved through
an improved cavity design.”'

In summary, we have shown that CsPbBr; NCs can be
deterministically patterned over large areas and with sub-
micrometer precision using EHD inkjet printing. Additionally,
we collected the first high-resolution STEM images of EHD
inkjet printed structures, showing that the original NC
structure is preserved post printing, that NCs within these
printed structures self-assemble into superlattice domains, and
that ~200 nm diameter printed features containing <200 NCs
can be produced with this technique. We also used
micrometer-scale alignment to place printed NC droplets
onto the centers of a ~10 mm? array of prefabricated Si;N,
nanobeam cavities. This demonstration should motivate the
further exploration of this printing method to process
perovskite NCs for photonic devices, with the potential to
leverage quantum emission from single printed perovskite NCs
or self-assembled NC superlattices with monolayer thickness
control. It should also motivate the exploration of EHD inkjet
printing of other novel luminescent materials for photonic
device integration.

B EXPERIMENTAL PROCEDURES

Materials. Lead acetate trihydrate (Pb(OAc),-3H,0;
99.9%, Baker Chemical), cesium carbonate (Cs,CO;; 99.9%,
Sigma-Aldrich), bromotrimethylsilane (TMS-Br; 97%, Sigma-
Aldrich), 1-octadecene (ODE; 90%, Sigma-Aldrich), oleyl-
amine (OAm; 70%, Sigma-Aldrich), oleic acid (OA; 90%,
Sigma-Aldrich), didodecyldimethylammonium bromide
(DDABr; 98%, Sigma-Aldrich), hexanes (99%, mixture of
isomers, Sigma-Aldrich), ethyl acetate (99%, Sigma-Aldrich),
toluene (HPLC, Fischer Chemical), octane (99%, Sigma-
Aldrich), hexadecane (99%, Sigma-Aldrich), nitric acid (20%,
EMD), trichloro(1H,1H,2H,2H-perfluorooctyl)silane (97%,
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Sigma-Aldrich), anisole (99.7%, Sigma-Aldrich), and poly-
(methyl methacrylate) (PMMA; M,, ~120000, Sigma-Aldrich)
were used as received unless otherwise noted.

Nanocrystal Synthesis and Solution Preparation.
CsPbBr; NCs were synthesized according to methods reported
previously.”” Once they were purified, the NCs were treated
with DDABr according to methods reported previously.”*
Briefly, 600 uL of stock NC solution in hexanes was combined
with 600 uL of toluene, 160 uL of a 0.05 M DDABr solution in
toluene, and 30 uL of oleic acid in an N,-filled glovebox. The
resulting NCs were precipitated with ethyl acetate in air and
centrifuged at 16060g for 10 min. The precipitated NCs were
resuspended in hexanes and stored in an N,-filled glovebox for
future use. NC inks were prepared by removing a 100 uL
aliquot of a hexanes NC solution from the glovebox and drying
the NCs under N, flow. Once the NCs were dried, 500 uL
portions of octane and hexadecane were added, and the
resulting solution was filtered through a 220 nm PTFE syringe
filter to yield a solution with a NC concentration of ~1077 M.
Hexadecane was chosen for its high boiling point to prevent
drying and nozzle clogging during the printing process, but
additional octane was necessary to facilitate the suspension of
these NCs in solution. All NC inks were used within 1 day of
preparation. PMMA solutions were prepared by stirring 80 mg
mL™" of PMMA in anisole overnight and filtering through a
460 nm PTFE syringe filter.

Electrohydrodynamic Inkjet Printing. Printing was
performed with an SIJ Technologies S050 EHD inkjet printer.
Substrates were cleaned with concentrated nitric acid overnight
and washed with DI water. Clean substrates were then coated
with a low-surface-energy fluorinated SAM by placing the
substrate on a 160 °C hot plate under a Petri dish with 10 yL
of trichloro(1H,1H,2H,2H-perfluorooctyl)silane for 1 h prior
to mounting on the EHD inkjet printer stage. A fresh superfine
EHD inkjet print nozzle with an ~2 ym inner diameter was
then loaded with 10 uL of NC ink using a custom-designed
narrow pipet tip, and the print nozzle was magnetically
mounted to the EHD inkjet printer. The nozzle tip was
lowered to ~10 pm above the substrate, and printing was
performed in bump mode with a 75% square waveform
between 200 and 600 V operating at a frequency of 1 kHz
unless otherwise noted. The bed speed and bump hold time
were tuned to the desired droplet spacing and print
consistency (see Figure S3 in the Supporting Information).
To print droplets aligned to prefabricated device substrates, E-
beam etched marks on the device substrate were found with
the printer’s built-in alignment camera, and the associated
stage location was saved in the software. A nozzle alignment
mark was then printed on the substrate and found with the
alignment camera, and the associated alignment camera
location was saved in the software. This information, along
with the spacing between nanobeam cavity devices on the
substrate, was used to calibrate the coordinate plane of the
stage and the alignment camera to the movement of the nozzle,
thereby enabling the placement of NC droplets onto the center
of Si;N, nanobeam cavities with micrometer-scale precision
(see Figure S8 in the Supporting Information). If necessary,
100 uL of PMMA solution in anisole was spin-coated onto the
printed substrate at 2000 rpm for 1 min. The substrate was
then annealed at 70 °C for 10 min.
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