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ABSTRACT 

Quantum dot (QD) color conversion layers (CCLs) are a promising route toward wide color gamut, simplified display architectures. 
However, simultaneously achieving high optical quality, fine patterning resolution, and scalable processing remains challenging. 
Here, we report a polymer-free aerosol jet printing approach for fabricating high-aspect-ratio QD CCLs with precisely controlled 
morphology and optical performance. By tuning the aerosol focus ratio to induce in-flight droplet drying, we achieve pinned 
contact-line deposition that enables multilayer QD films with thicknesses up to approximately 10 µm while maintaining lateral 
feature widths of approximately 50 µm. These polymer-free QD films exhibit strong blue-light absorption and efficient wavelength 
down-conversion, yielding blue light leakage below 0.25% and conversion efficiencies approaching 18% without the use of external 
color filters. The printed QD layers are integrated directly onto blue OLED unit devices and a 0.7-inch OLED-on-silicon (OLEDoS) 
microdisplay, demonstrating high-purity red emission with no degradation of device electrical performance. This work establishes 
aerosol jet printing as a powerful materials processing strategy for scalable, high-resolution QD color conversion in next-generation 
microdisplay and near-eye display technologies. 
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 Introduction 

he introduction of quantum dot color conversion layers (QD
CLs) into organic light-emitting diode (OLED) and micro light-
mitting diode ( µLED) displays has numerous advantages in
erms of enhancing display quality and reducing manufacturing
omplexity [ 1–3 ]. The color gamut of the display can be enhanced
ue to the high tunability and narrow emission bandwidth of
he color converting quantum dots (QDs) [ 4 ]. Additionally, the
umber of steps required to fabricate a red-green-blue (RGB)
isplay pixel can be reduced as each RGB pixel can consist of a
ingle-color emitter coupled with a QD CCL to obtain full RGB
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emission [ 5 ]. The most common architecture employed in such a
QD color conversion-enabled display is to use blue OLEDs/ µLEDs
for each sub-pixel with an associated red and green color-
converting quantum dot thin films on the red and green sub-
pixels, respectively [ 6 ]. Such displays have been demonstrated in
recent literature works and commercial products, capturing the
quality, complexity, and energy advantages discussed above. 

While the advantages are evident, the process of patterning QDs
within this display architecture is challenging [ 7 ]. The most
prominent methods for QD patterning include photolithogra-
phy [ 8 ] and inkjet printing [ 3, 5, 9, 10 ]. Photolithography has
se, which permits use, distribution and reproduction in any medium, provided the 
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FIGURE 1 Schematic of the aerosol jet printing process depict- 
ing the ultrasonic droplet generation, droplet transport, aerodynamic 
focusing, and substrate impingement. 
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dvantages in terms of resolution, even demonstrating the ability
o pattern features down to 30 nm [ 11, 12 ]; however, the subse-
uent patterning of multiple layers causes significant challenges.
rimarily, this is due to the lack of compatibility between
uantum dots and photoresist chemicals. Patterning for RGB
ompatibility requires multiple deposition steps, in which one QD
CL is deposited first, and therefore, remains on the substrate
uring the subsequent patterning of an additional quantum dot
ayer [ 13 ]. Another challenge is the photosensitivity of the QDs
nd associated ligands to ultra-violet light. The incompatibility
ith photoresists and the photosensitivity of QD ligands have
oth been demonstrated to lead to decreased performance, or
ven the dissolution, of the existing QD layer. 

nkjet printing presents a viable alternative to photolithography
ecause the additive nature precludes the need for the use of
ncompatible photoresists [ 3, 5, 14 ]. Due to the stability of QD
n solution, inks can be synthesized and subsequently printed
irectly at specified locations, eliminating the need for subtractive
hotolithography steps [ 15 ]. The primary challenges from inkjet
rinting include the surface interaction with the substrate and
he inability to print fine features due to the surface-limited
eposition spot size, which is on the order of 30 µm for most
ommercially available and custom inkjet printer systems [ 16 ].
dditionally, as the QD solution is deposited in the liquid state,
here is a tendency to spread, and therefore a pre-patterning step
ith a polymeric matrix is required to reduce sub-pixel crosstalk

 17 ]. One of the key challenges with inkjet printing in general,
nd one that significantly impacts QD CCLs is the “coffee-ring
ffect” [ 18 ]. This effect causes the individual QDs to follow the
uter concentric flow-field induced by the droplet drying process,
esulting in denser films at the outer edges of the surface. This
as been sufficiently reduced in recent works by modifying the
nk through the use of co-solvents or through pre-patterning the
urface with a thick black matrix. 

oth methods have one challenge in common, which is the
equirement of higher viscosity solutions. To obtain high viscosity
D solutions and to prevent QD agglomeration, it is common to
se polymeric additives. These polymeric additives remain in the
esultant thin-film and therefore significantly affect the blue-light
eakage properties of the QD films [ 19 ]. Due to this, many works
lso incorporate an additional color filter to avoid the leakage of
he underlying light emitter. 

ther techniques that have been demonstrated in literature
nclude screen printing [ 20, 21 ], electrohydrodynamic printing
 22–24 ], aerosol spray printing [ 25 ], and micro transfer printing
 26 ]. All of these techniques have benefits, but ultimately present
radeoffs including resolution, color conversion efficiency, blue-
ight blocking, and processing speed. 

erosol jet printing offers an attractive method to spatially pattern
anomaterial thin films at higher resolutions when compared to
nkjet printing. The process relies on first aerosolizing the ink
hrough either an ultrasonic or pneumatic method. In this work,
e utilize ultrasonication due to its compatibility with small ink
olumes and more stable operation. In ultrasonic aerosolization,
urface capillary waves are created through an ultrasonic trans-
ucer, causing droplet pinch off [ 27 ]. The droplet size distribution
s on the order of 1–5 µm and is largely determined by the surface
of 8
tension of the ink [ 28 ]. The droplets are then transported using an
inert carrier gas to a deposition head, where the aerosol stream
is aerodynamically focused using an additional sheath gas. The
operating principles are displayed in the schematic presented in
Figure 1 . 

This method has numerous differentiating advantages when
compared to inkjet printing, especially for printing nanomaterials
such as QDs. For one, the process is compatible with viscosities as
low as 1 cP, enabling the printing of QD inks formed without poly-
meric additives. Second, due to the aerodynamic focusing, the ink
is not in direct contact with the nozzle, reducing the proclivity of
clogging. Finally, due to the small nature of the droplets (on the
order of femtoliters), the approach allows for rapid drying of ink
droplets either in flight or on the surface. This has been exploited
by numerous recent works to utilize the method to form high-
resolution traces [ 29, 30 ] and three-dimensional free-standing
patterns [ 31–34 ]. 

Aerosol jet printing has been demonstrated for printing QDs
for color conversion in a previous report [ 35 ]. In this work, the
authors specifically print red, green, and blue CdSe QDs on
top of UV light-emitting diodes (LEDs). While their results are
quite promising, they do not elaborate on the ability to create
free-standing structures with significant height to preclude the
leakage of the underlying LED. Therefore, for the functional
results they incorporate a distributed Bragg reflector (DBR) to
filter out the emission from the excitation source. Our work
differs from the previous work as we do not use commercially
available inks (which may contain additives) and demonstrate
sufficiently thick self-standing patterns of QDs which preclude
the emission of the underlying LED, ultimately allowing for a
simpler fabrication scheme which does not rely on additional
color filtering layers. 

In this work, we utilize aerosol jet printing to deposit QD
CCLs. Aerosol jet printing has numerous advantages, including
potential for higher resolution and the ability to print inks with
Advanced Optical Materials, 2026
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FIGURE 2 Cross-sectional height profiles of aerosol jet-printed 
quantum dot lines printed at varied focus ratios. (A) Printed at a focus 
ratio of 3 and (B) printed at a focus ratio of 4. 
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educed rheological constraints. However, the most important
dvantage includes the ability to effectively reduce the solvent
olume in-flight allowing for a dryer deposition which can in turn
nable the printing of high-aspect ratio features with minimal
preading. To demonstrate these advantages, we print at varied
arameters that induce in-flight drying. Specifically, we target
wo different focus ratios in which the carrier gas volumetric
low rate is modulated to induce the drying of droplets on the
eriphery of the aerosol stream. We directly demonstrate that
hen the carrier gas volumetric flow rate is decreased (focus
atio increased), we can dramatically modify the spreading of the
rinted pattern enabling multi-layer prints which exhibit trace
idths of approximately 50 µm with thicknesses of approximately
 µm. Next, we demonstrate that the effect of trace thickness on
oth the reduction of blue light leakage and the enhancement of
avelength conversion efficiency. Finally, we utilize the method
o directly print patterns onto blue µOLED samples as a tech-
ological demonstration of the potential utility of the patterning
echnique. 

 Results and Discussion 

erosol jet printing uses two converging gas streams to aero-
ynamically focus an aerosol on route to substrate impaction.
he volumetric flowrate of the two gas streams, the focusing
heath gas and the aerosol laden carrier gas, can be controlled
ndependently. The focus ratio is defined as the sheath gas flow
ate divided by the carrier gas flowrate. While the print process
elies on minimized mixing between the two streams due to the
aminar nature of the flow, by increasing the carrier gas flowrate
e can dramatically alter the drying of the droplets at the outer
dge of the carrier gas flow column. Droplet drying in flight
ccurs due to the high vaporization potential of small droplets
ithin a high velocity flow. By increasing the velocity through the
ntroduction of a sheath gas, the effect can be exacerbated at the
dge of the aerosol column in which small volume (fl) droplets are
ccelerated within a dry nitrogen flow. In increasing the drying of
he droplets at the edges, we can alter the three-phase contact line
nd reduce ink spreading as the droplets coalesce on the surface
 36 ]. 

o demonstrate this, we chose two different focusing ratios in
hich this effect begins to occur. We show that at a focus ratio
FR) of 3 (sheath gas = 60 SCCM, carrier gas = 20 SCCM),
he droplet drying at the edges is minimized, and significant
preading through the equilibrium contact angle settling occurs.
onversely, however, at a focus ratio of 4 (sheath gas = 60 SCCM,
arrier gas = 15 SCCM), the three-phase contact line is pinned at
he edge of the deposited aerosol leading to minimized spreading
utside of the aerosol column width. This can be seen in line
rofiles of multiple print layers highlighted in Figure 2 . 

n addition to the proposed mechanism of altering the three-
hase contact line, a secondary rheological effect caused by the
rying may also play a role in the overall line profile. Specifically,
t is plausible that during the drying process, the colloidal inks dry
ast the gelation point, which would explain the suppression of
ateral flow upon deposition [ 37 ]. The rapid increase in colloidal
oncentration at the droplet surface would cause the development
f an effective yield stress, which would further inhibit lateral
dvanced Optical Materials, 2026
flow. Fully distinguishing between the capillary and rheological
contributions would require in situ droplet-impact imaging,
which we identify as an important future direction for this work.

Critically, this allows for the printing of multiple layers, up to
150 repeated print passes, in which the overall trace width does
not change significantly in higher focus ratio scenariosncreases
by a factor of 62, while the width increases by onl. For a focus
ratio of 3, while the layer increased in thickness by approximately
40 times, the trace width subsequently increases by a factor of 5.
At the higher focus ratio (FR = 4), however, the trace thickness
is increased by a factor of 62 while the width is only increased
by a factor of 0.41. This effect can also be seen in the optical
characteristics of printed lines in Figure 3 . 

These two focus ratios directly demonstrate the transition point
at which the higher sheath gas flowrate begins to influence the
deposited pattern. In addition to these specific focus ratios, we
completed an experiment with a focus ratio of 6, using all the
same conditions and the same carrier gas flow-rate. These results
are shown in Figure S1 . While we can demonstrate lines with
thicknesses as high as 84.83 µm and widths of only 22.50 µm,
deleterious edge effects begin to become evident due to the high
ratio of gas velocities at the edge of the aerosol column. Of note,
the work in this paper is specifically tuned for this specific nozzle
diameter (100 µm) and ink chemistry. It is expected that changing
these parameters may lead to a varied optimized focus ratio that
will require careful experimental or computational optimization.

The impact of directly using the focus ratio to control the
morphological characteristics of printed traces is significant,
3 of 8
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FIGURE 3 Optical images of aerosol jet printing quantum dot lines 
with varied focus ratios. (A) Printed at a focus ratio of 3, and (B) printed 
at a focus ratio of 4. 
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s direct control of the trace thickness without significantly
ompromising trace resolution allows for enhancement of the
D optical characteristics. To demonstrate the effect of thickness
n both the conversion efficiency and the blue light leakage
eduction caused by the QD layers,- we aerosol jet printed QD
ilms directly on top of prefabricated blue OLEDs. An example
ptical image, height contour, and height profile from on the
quares is shown in the supporting information (Figure S2 ).
he color conversion efficiency is quantified using the following
quation: 

𝐶𝐸 =
∫
725 

570 𝑒 𝑚𝑖𝑠 𝑠 𝑖𝑜 𝑛 

∫
550 

385 𝑎 𝑏 𝑠 𝑜 𝑟 𝑝 𝑡𝑖𝑜 𝑛 

here CE is conversion efficiency, the numerator is the visible
ight emission above 570 nm wavelength, and the denominator is
he visible light absorption below 550 nm wavelength. The blue
ight leakage parameter is defined using the following equation: 

𝐵 𝐿𝐿 =
∫
550 

385 𝑒 𝑚𝑖𝑠 𝑠 𝑖𝑜 𝑛 ( 𝑜 𝑢𝑡𝑝 𝑢𝑡 𝑏 𝑙𝑢𝑒 𝑒 𝑚𝑖𝑠 𝑠 𝑖𝑜 𝑛 ) 

∫
550 

385 𝑒 𝑚𝑖𝑠 𝑠 𝑖𝑜 𝑛 ( 𝑖𝑛𝑝 𝑢𝑡 𝑏 𝑙𝑢𝑒 𝑒 𝑚𝑖𝑠 𝑠 𝑖𝑜 𝑛 ) 

here BLL is the blue light leakage, the numerator is the peak
ntensity of the blue light emitted from the QD-OLED, and the
enominator is the peak intensity of the blue light emitted from
he blue OLED. This definition allows direct quantification of the
raction of the incident blue light that is not converted by the
uantum dots and remains as leaked blue emission. 

he results for aerosol jet-printed QD thin films of various
hicknesses are presented in Figure 4 . Figure 4A shows the
uminescence data measured using a half-integrating sphere,
of 8
with the blue spectrum representing the electroluminescence of
the blue OLED reference device. In Figure 4A , the spectra of films
at varied thicknesses directly shows the reduction in the blue
wavelength and conversion to the red wavelength. As expected,
at increased QD film thickness, the blue light peak is significantly
reduced. As the thickness is increased, the luminescence within
the red color wavelengths remains relatively constant, however,
we do directly observe a red shift (magnified within the inset
in Figure 4A ) in the converted spectra. This is likely due to
increased energy loss during the down-conversion process arising
from enhanced Förster resonance energy transfer (FRET) and
reabsorption among closely packed QDs in the thicker QD films
and can also be explained through an enhanced photo quenching
due to potentially aggregated quantum dots. Nevertheless, for
most of the tested thicknesses, the QD film effectively absorbed
the emission from the blue OLED, resulting in strong red
emission after color conversion. 

To further confirm that this red shift originates from thickness-
dependent packing effects rather than from QD degradation dur-
ing the aerosol jet printing process, we compared the normalized
photoluminescence spectra of the thinnest (3.46 µm) aerosol-jet-
printed and spin-coated QD films in the red emission region
(Figure S3 ). The peak position, spectral shape, and linewidth
are nearly identical between the two films, and no additional
long-wavelength emission associated with trap or defect states is
observed in the AJP film. This indicates that the intrinsic emissive
properties of the QDs are well preserved, and that the AJP
process does not induce significant surface ligand detachment or
defect-related degradation. 

Through a quantification of the CE (Figure 4B ) the reduction in
CE becomes clear, with the CE reaching near stagnation at 16%
as the film thickness approaches 19 µm. The BLL (Figure 4C )
as expected, follows the opposite trend in which it is thoroughly
quenched as the film thickness reaches above 7 µm. With no
additional light filtering, we are able to directly demonstrate that
the BLL falls below 0.25% at film thicknesses above 7 µm. This
behavior is enabled by the aerosol jet printing of polymer-free
QD inks. Additionally, the high velocity impaction induced by
the process allows for the QDs to be more densely populated
within the film enhancing the blue light leakage reduction. Of
note, however, is that the claim regarding the packing density of
the QD layer is based on indirect, optical evidence. Future work
will look to quantify the packing density directly through high
resolution TEM imaging. Based on the results demonstrated, an
optimal thickness of approximately 7.5 µm is identified in which
the QD CE and BLL values are 17.6% and 0.24%, respectively. 

Figure 4D presents the actual emission images of samples x and y
to verify that only the QD light is visible without blue leakage. A
substrate contains four emitting pixels, with the top two pixels
being QD-OLEDs with printed QD film, and the bottom two
pixels serving as reference blue OLEDs. In the QD-OLED, the
left side represents sample x and the right side represents sample
y. Upon visual inspection, it was confirmed that the QD-OLED
pixels emitted pure red light from the QDs, rather than a purple
color mixed with blue light. 

In Figure 5 we present the data for three different thicknesses,
4.16, 7.56, and 19.28 µm. All thicknesses may be considered
Advanced Optical Materials, 2026
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FIGURE 4 Optical characteristics of aerosol jet-printed quantum dot thin films at varied thickness. (A) Spectra modification presented as 
luminescence characteristics at specific optical wavelengths. (B) Quantification of color conversion efficiency and (C) blue light leakage as a function of 
film thickness. (D) photograph of specific films printed directly adjacent to reference blue OLEDs in both the off- and on-state. 

FIGURE 5 Optical characteristics for three specific aerosol jet printed QD film thickness, 4.16 (a) and 7.56 (b), and 19.28 µm(x). (A) Current 
density–voltage ( J–V ) (left axis) and luminance–voltage ( L–V ) characteristics (right axis) of QD-OLEDs (a, b, and x) showing the variation in electrical 
performance and brightness as a function of applied voltage. (B) CIE 1931 chromaticity diagram showing the color coordinates of the OLED as a Ref. 
and QD-OLEDs, with the BT.2020 red primary (x = 0.708, y = 0.292) indicated for comparison. QD- OLED-a, QD- OLED-b, and QD- OLED-x exhibit color 
coordinates approaching the desired red region, with slight variation in the chromaticity values between the samples. 

o  

a  

o  

a
V  

c  

s  

Q  

p  

l  

i  

t  

i  

i  

l  

d  

Q  

C  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

 21951071, 2026, 24, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adom

.71344, W
iley O

nline L
ibrary on [01/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
r

ptimal, depending on the specific application. The sample with
 QD film thickness of 4.16 µm is designated as QD-OLED-a, the
ne with a thickness of 7.56 µm as QD-OLED-b, and the one with
 thickness of 19.28 µm as QD-OLED-x. Figure 5A shows the J–
–L data, confirming that all samples exhibit similar electrical
haracteristics regardless of the QD film thickness. No statistically
ignificant change is observed in the electrical performance of
D-OLEDs, which means that the thin-film encapsulation stably
rotected the OLED during the aerosol-jet printing process. The
uminance versus voltage curve exhibits a monotonic decrease
n luminance as the thickness of the QD film increases from a
o b to x. This trend is consistent with the results in Figure 4 ,
ndicating that while the blue light significantly decreases with
ncreasing QD film thickness, the corresponding increase in QD
ight is not sufficient to maintain the overall luminance of the
evice. Figure 5B presents the chromaticity coordinates of the
D-OLEDs in the CIE 1931 color space. Upon introducing QD
CLs to the blue OLED, the chromaticity shifts from the blue
dvanced Optical Materials, 2026
region toward the red region. This shift is attributed to the
increased ratio of red to blue emission, resulting from efficient
color conversion and strong absorption of blue light by the QD
layer. As the thickness of the QD film increases, the chromatic-
ity coordinates progressively move deeper into the red region
and, when compared with the BT.2020 red primary, become
increasingly similar to the BT.2020 red coordinate. Notably, at
the thickest QD film (x), the chromaticity reaches (x, y) = (0.702,
0.286), which is very close to the BT.2020 red primary (x = 0.708,
y = 0.292). 

Printing relatively thin, additive-free QD films offers a particu-
larly attractive option for integrating QD CLLs within OLEDoS. In
this study, the aerosol-jet printing technique we developed allows
precise control over the printed line width, making it adaptable to
displays with various pixel sizes. In Figures 4 and 5 , we examined
the application of a QD film onto a lab-scale blue OLED unit
device using aerosol-jet printing. 
5 of 8
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FIGURE 6 Direct printing of quantum-dot color-conversion layers on OLED microdisplays. (A) Blue OLED-on-silicon (OLEDoS) microdisplay 
used in this study, including a photograph of the 0.7-inch active area and the corresponding die layout. (B) Schematic of the top-emitting blue OLEDoS 
device stack fabricated on a CMOS backplane, consisting of CMOS circuits on a Si wafer, Al/TiN pixel electrodes, blue OLED layers, semi-transparent 
top electrodes, encapsulation, and the printed quantum-dot color-conversion layer (QD CCL). (C) Dark-state images of the OLEDoS after aerosol-jet 
printing of red QD patterns, showing printed institutional logos (ETRI and University of Wisconsin–Madison) with no device illumination. (D) Fully 
lit operation of the QD-patterned OLEDoS, demonstrating efficient blue-to-red color conversion with high color purity and no observable blue leakage, 
even in the absence of a color filter. 

I  

m  

o  

i  

a  

f  

a  

h  

t  

C  

F  

W  

o  

c  

a  

i

3

P  

e  

m  

w  

p  

Q  

o  

c  

t  

r  

1  

s  

p  

a  

s  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6

 21951071, 2026, 24, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adom

.71344, W
iley O

nline L
ibrary on [01/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reativ
n Figure 6 , we extended this approach to a 0.7-inch OLED
icrodisplay, specifically an OLEDoS. Figure 6A shows an image
f the fabricated blue OLEDoS, which was produced using an 8-
nch wafer process. The OLEDoS has an aspect ratio of 16:9 and
 pixel density of 3,147 ppi. The blue OLEDoS used in this study
eatures the structure shown in Figure 6B . It was fabricated using
 CMOS substrate and designed as a top-emitting OLED which
as the same structure as the lab-scale blue OLED unit except that
he lower electrode is changed from ITO/Ag/ITO to Al/TiN. A QD
CL was formed on the blue OLEDoS via aerosol-jet printing. In
igure 6C,D , we displayed the logos of ETRI and the University of
isconsin-Madison. Figure 6D shows an image of the display in
peration. As shown, after the QD printing process, a vibrant red
olor is achieved without any blue leakage, even in the absence of
 color filter. This demonstrates the effectiveness of the QD CCL
n achieving pure red emission. 

 Conclusion 

rintable QD color conversion films have the potential to
nable high-throughput, additive modification of single-color
onolithically integrated µLED and µOLED displays. In this
ork, we directly demonstrate the advantages that aerosol jet
rinting presents toward the spatially resolved deposition of
D films. First, the ability to induce droplet drying at the
uter radial circumference can effectively pin the three-phase
ontact angle of the printed pattern. We have demonstrated that
his drastically reduces liquid spreading and can enable high-
esolution printed films at substantial thicknesses approaching
0 µm without compromising in trace resolution. The other
pecific advantage demonstrated is the technique’s ability to
rocess reduced-viscosity QD inks that contain no polymeric
dditives. The printing of pure QD inks with a high velocity of
ubstrate impingement enables thin films ( < 7 µm) that exhibit
of 8
unprecedented BLL metrics while maintaining sufficiently high
CE metrics. Lastly, we directly demonstrate the ability to print
high-resolution printed QD patterns onto prefabricated µOLED
displays. Such a technique can enable RGB-capable µOLED
displays with reduced manufacturing complexity. 

4 Experimental Section 

4.1 Ink Preparation 

QD inks were prepared by mixing 955 µL of toluene (Sigma–
Aldrich), 10 µL of terpineol (10% v/v, Frontier Scientific), and
35 µL of CdSe/CdZnS (core–shell) QD stock solution (oleic
acid-capped CdSe/CdZnS quantum dots (Nano dot-HE-series)
(Powerlogics, Korea)). 

4.2 Aerosol Jet Printing and Profile 
Characterization 

For printing high-resolution lines, the inks were aerosolized using
an ultrasonic transducer current of 0.20–0.25 A. The sonication
bath temperature was maintained at 20◦C. A 100 µm nozzle was
used. The sheath gas flow rate was maintained at a constant
volumetric flow rate of 60 SCCM. The carrier gas flow rate was
varied from 15 SCCM (focus ratio = 4) and 20 SCCM (focus ratio
= 3). The standoff distance between the nozzle and the substrate
was 2.4 mm, and the platen temperature was maintained at 37◦C.
The linear print speed was 2 mm/s. 

For the direct deposition of the QD ink onto the OLED substrate,
a larger nozzle of 200 µm was used to facilitate faster printing. The
sonication bath temperature was maintained at 20◦C. The sheath
and carrier gas flow rates were 92 and 23 SCCM, respectively,
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esulting in a focus ratio of 4. The larger nozzle and carrier gas
low rate allowed for an increased printing speed of 5 mm/s
nd the platen was held at room temperature. The standoff
istance was also maintained from the line printing experiments
t 2.4 mm. 

he film thickness and height profiles of the lines were character-
zed using an optical profilometer (New View 9000, Zygo), while
he heights of the QD layers directly on top of the µOLED samples
ere characterized using an Olympus LEXT OLS5100 3D Laser
canning Microscope. 

.3 Optical Characterization 

he electrical and optical characteristics of OLED and OLEDs
ith QD CCL were measured by a using a source meter (Keithley
38), a spectrometer (CS2000, Konica Minolta) and a total lumi-
ous flux measurement system (HM series, Otsuka Electronics)
ith a half-integrating sphere. 

.4 µOLED Display Fabrication 

 silicon CMOS backplane served as the substrate for the
LED-on-silicon (OLEDoS) fabrication. The backplane was pre-
atterned with integrated pixel circuits and thoroughly cleaned to
liminate organic residues and surface impurities. OLED layers
ere deposited onto the CMOS backplane through thermal evap-
ration, following a process similar to the previously described
LED fabrication technique. For encapsulation and long-term
rotection of the OLEDoS, a multilayer thin film encapsulation
TFE) was employed, consisting of Al2 O3 /SiNx /transparent poly-
er layer. Compared to standard OLED unit devices, in OLEDoS,
n additional transparent polymer layer was applied on top of the
iNx layer to protect against damage during the sawing process
n an 8-inch wafer and to accommodate the via etching process
f the TFE, which is necessary for the wire bonding process
o drive the OLEDoS. A QD film was applied directly onto the
LEDoS surface using aerosol jet printing. Future work should
nclude a focus on improving the conversion efficiency, while also
mproving the overall print resolution through advanced, aerosol
ocusing techniques. 
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