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Tailored optical output, such as color purity and efficient optical intensity, are critical
considerations for displays, particularly in mobile applications. To this end, we demonstrate a
replica molded photonic crystal structure with embedded quantum dots. Electrohydrodynamic jet
printing is used to control the position of the quantum dots within the device structure. This results
in significantly less waste of the quantum dot material than application through drop-casting or
spin coating. In addition, the targeted placement of the quantum dots minimizes any emission out-
side of the resonant enhancement field, which enables an 8 X output enhancement and highly polar-
ized emission from the photonic crystal structure. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4927648]

Lighting and display applications require color purity
and tailored control of the optical properties of their output.
For example, the directivity or diffusivity of a light source
affects user comfort and the viewing angle of displays, while
color purity determines display fidelity. Polarization is par-
ticularly crucial, as it affects contrast and power efficiency in
many display devices, such as liquid crystal displays, which
have a backlight that is immediately passed through a polar-
izer, and use transmittance filters to provide spectral control
for the output.’

Quantum dots (QDs) have been investigated as a poten-
tial replacement for phosphors in lighting applications, and
as a means to improve color rendering in light-emitting diode
(LED) based lighting and display applications.”® QDs
offer good color saturation and purity, a capacity for
solution-based processing and greater stability than many
phosphors,z_4 and these properties make them appealing for
lighting™® and display’ applications.

Due to high fabrication costs, there is a significant inter-
est in improving the performance and efficiency of QDs
within devices. Embedding QDs within photonic crystals
(PCs) offers a promising route towards increasing optical ex-
citation efficiency, while simultaneously improving the emit-
ted photon collection efficiency through PC-enhanced
extraction.® ' The resonant conditions of a PC can be tuned
to wavelengths ranging from the infrared'"'? to the UV"?
through the appropriate design selection of the grating
dimensions and refractive indices of the materials used. In
addition, PCs can be designed to affect the polarization'*
and output directionality'>'® of photon emitters embedded
within them.

In PC slabs, resonant modes occur when specific phase
matching conditions of the angle and wavelength of incident
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light are met, allowing light to couple in and out of leaky
guided resonance modes.'”'® Light coupling to the PC
excites a localized electromagnetic standing wave with sig-
nificantly larger amplitude than that of the original source.
Emission that occurs in the same spectral and physical region
of this evanescent field region will couple to the guided
modes of the PC, resulting in outcoupling along the phase
matching angle. Because the transverse-electric (TE) and
transverse-magnetic (TM) polarizations occur at different
resonance conditions, it is also possible to use PCs as
polarizers.'”"°

In 1-D and 2-D PC slabs that serve as a quasi-planar de-
vice structure upon which QD-infused thin films can be read-
ily applied, the optical coupling between PCs and QDs
requires that the QDs reside within the resonant evanescent
electric field volume, which decays exponentially away from
the PC surface.® The evanescent field of a PC resonator
extends from the PC surface and decreases to 1/e of the peak
value at a depth ranging from 10% to 50% of the resonant
wavelength. Therefore, for QDs designed to emit in the visi-
ble part of the optical spectrum, QDs should be located
within a few hundred nanometers of the PC surface if they
are to experience enhanced excitation and enhanced extrac-
tion. Methods used to apply QD-doped polymer thin films to
PCs must therefore be capable of producing film thicknesses
in the 10-500 nm range.

For QDs embedded within the evanescent electric field
region of a PC, emission is polarized along preferred orienta-
tions from the PC.?' Polarized emission has been observed
for QDs embedded within dielectric optical resonators as
well as plasmonic structures.”** As described previously,
many types of display devices require a polarizer over the
backlight that results in a loss of at least 50% of the optical

© 2015 AIP Publishing LLC
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efficiency of the display.' Both liquid crystal** and LED-
based® backlight displays have sought to polarize the light
emission through more efficient means.

Nanoreplica polymer molding has been used to create
PCs that contain QDs embedded in a UV-curable polymer
thin film.® In such a structure, one approach for applying the
QD-doped polymer thin film is spin-casting, which results in
substantial waste of QDs, because only a small fraction of
the QD/polymer material is incorporated into the resulting
thin film, while the remaining material is cast into the spin-
ner bowl lining.

Electrohydrodynamic jet (E-jet) printing is a recently
developed approach for highly controlled spatial and volu-
metric deposition of liquids onto a variety of planar and non-
planar surfaces. E-jet printing uses a voltage difference
between the printing nozzle and the substrate to create con-
sistent, high resolution printed patterns.”** E-jet printing
has been used for semiconductor fabrication,” biological
sensing,” and micro-optical devices.?® QD-embedded poly-
mer structures have been fabricated with ink jet printing for
display applications,’’ but E-jet printing is also capable of
printing with multiple nozzles**? and achieves finer resolu-
tion than ink jet printing, with features as small as 240 nm to
10 um and linewidths as narrow as 25nm.?’*%373 In this
work, an uncured polymer containing a QD solution was
printed over a specified region for replica molding, eliminat-
ing the wasted and unenhanced QDs in the polymer layer of
a PC.

In this work, we demonstrate QD-embedded PCs fabri-
cated through E-jet printing of a UV curable polymer onto a
replica molding master and subsequent transfer to a substrate
that supports the finished device structure. The QDs are
placed inside the regions with the greatest electric field mag-
nitude within the PC structure, resulting in a higher photon
output than is produced without the PC structure. In addition,
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the targeted placement of the QDs to be in close proximity to
the PC grating minimizes any QD emission outside the reso-
nant evanescent field volume. This enables highly polarized
output emission, due to the significantly higher enhancement
present for photons oriented to interact with the TM mode of
the PC. The approach described and demonstrated in this
work offers the potential to double the optical efficiency for
display devices that utilize a polarized backlight by eliminat-
ing the optical power lost through a polarizing filter, while
simultaneously providing an 8x enhancement in the QD
emission output intensity.

The PC structure, shown in Figure 1(a), consists of a lin-
ear grating formed by replica molding a polymer doped with
QDs. The polymer mixture is E-jet printed over a master,
shown in the SEM images in Figures 1(b) and 1(c), where
the grating has a pitch of A =340nm with a 67% duty cycle
and a depth d=120nm. As illustrated in Figure 1(d), the
printed structure is transferred to a plastic substrate, and a
high refractive index layer of TiO, (¢ = 105 nm) is deposited
over the surface of the polymer grating to create the periodic
variation in the refractive index of the device.

The PCs were designed with the aid of electromagnetics
simulation software (Lumerical FDTD) to enhance QD emis-
sion at one selected wavelength in the visible region of the
spectrum (A=575nm). The photonic band structure was
modeled and is shown in Figure 1(e) as a function of the
angle and wavelength, with the TE and TM polarizations
specifically identified at normal incidence. The darker bands
indicate the locations of resonance conditions where the
wavelength and angle are capable of coupling to the PC. The
electric field intensity for both the TM and TE polarizations
at A =575nm excitation was modeled and a comparison is
shown in Figure 2. The simulations show identical cross sec-
tions of the PC grating, with a 3x greater intensity for the
TM polarization than the TE polarization. Additional details
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FIG. 1. (a) A schematic cross section of the device structure, consisting of a replica molded polymer layer on a flexible plastic substrate with a TiO, film de-
posited over the top surface. The resulting photonic crystal has a transverse-electric (TE) polarization parallel to the linear grating, while the transverse-
magnetic (TM) polarization is perpendicular to the grating. The QDs in the polymer layer are excited by collimated light from an LED. SEM images of (b) the
replica molding master, from which features as small as 40 um were replicated with E-jet printing, and (c) the PC grating at higher magnification. (d) The PC
fabrication process described in the supplementary material consists of (i) E-jet printing the QD-embedded polymer over the silicon master, (ii) applying the
plastic substrate and curing the polymer, (iii) peeling off the replica from the master, and (iv) depositing the TiO, film over the cured polymer. (¢) The simu-
lated band structure of the PC grating. The dark bands indicate the phase matching conditions for the angle and wavelength of light at which resonances occur

within the PC.
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FIG. 2. Field distributions across two periods of the photonic crystal simu-
lated using finite-difference time-domain analysis under excitation at
A=1575nm by TM (left) and TE (right) polarizations.

of the design and fabrication are described in the supplemen-
tary material.*®

Using the testing setup described in the supplementary
material,*® the device was initially measured after the grating
was fabricated with the QD doped polymer, but before the
TiO, deposition, to provide a baseline measurement for the
output emission intensity. The measurements were repeated
after the TiO, deposition. As shown in Figure 3, at the center
wavelength of A =575 nm, there is an 8 x enhancement in the
output intensity. The inset shows a tight angular dependence
of +2.5° for the PC enhancement at the target wavelength.

The enhanced emission is also polarized. Figure 4(a)
shows the modeled and measured transmission spectra of the
device. The measured transmission shows dips in the unpo-
larized transmission spectra occurring at wavelengths of
A=575nm and 620nm, as predicted by the model for the
TM and TE modes, respectively. However, the measured
transmission values are significantly larger than those pre-
dicted by the model. This is because the active device region
is only 7.75% of the total substrate area that was measured,
and the large inactive region contributed a significantly
higher transmission to the measurement than occurs for the
PC alone. The measured QD emission is shown for both the
TM and TE polarizations in Figures 4(b) and 4(c), respec-
tively, where a polarizer has been added between the device
and the measurement collection optics. The TM output inten-
sity is 5x greater than the TE, and the TE output is compara-
ble to the noise floor of the measurement system.

The E-jet printing process allows for precise placement
of QDs on the PC patterned regions, to fabricate devices that
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FIG. 3. An 8x enhancement in the output intensity occurs with the presence

of the PC structure over the QD embedded polymer structure. The inset shows
the angle dependence of the QD emission and enhancement from the PC.
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FIG. 4. (a) The modeled and measured transmission spectra of the photonic
crystal at normal incidence, and the measured (b) TM and (c) TE polarized
output from the PC figure. The TM polarized output demonstrates enhance-
ment, while the output of the TE polarization is comparable to the measured
background. Because the TE polarization of the PC is offset by 4 =45nm,
there is no overlap with the TM mode, and thus no output enhancement of
the QDs, creating an on/off mechanism for the QD output from the PC.

show an 8x enhancement in output intensity. This capability
is important in the context of creating a surface that contains
an array of PCs in the form of red-green-blue emitting pixels,
where individual PC regions may be optimized for a specific
wavelength of QD emitter that would be selectively printed
upon them. Figure 5 shows a fluorescence microscope image
of the E-jet printed device. The top inset shows the clean
edges printed by the system over the device regions. The bot-
tom inset shows a duller edge where the printing was not per-
fectly aligned with the PC region. The fainter regions occur
where there is no PC enhancement of the QD emission and
show a clearly visible contrast in brightness between the pla-
nar region and the 8x enhancement provided by the PC
structure, thus verifying the enhancement effect of the PC.

FIG. 5. A fluorescence microscope image of the E-jet printed device. The
top inset shows the sharpness of the edges printed by the system. The bottom
inset shows a duller edge where the printing was not perfectly aligned with
the replica molding master. The fainter regions are due to QD emission
occurring in a planar region with no PC structure to provide enhancement.
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The cost improvements offered by the use of E-jet print-
ing are substantial. The precise placement of the QDs elimi-
nates the waste of spin-casting or loading QDs into device
regions where there is no need for emitters. In addition, the
600 nm film thickness, compared to the 8 um thick layer pro-
duced with spin-casting, concentrates the emitters in the high
enhancement regions of the photonic crystal and reduces the
required volume of QD/polymer solution for the film by over
90%. There are minimal regions in which the QD emitters
experience no enhancement and this drastically increases the
total emission efficiency.

Creating initially polarized backlighting with selected
color regions, as enabled by the targeted placement and
polarized output of these structures, will enable significant
improvements in the energy efficiency of display devices,
which is critically important for displays incorporated within
mobile devices. By eliminating the backlight polarizer in a
display, the optical efficiency can be doubled, and eliminat-
ing color filters can triple the efficiency. These improve-
ments are all combined with scalable production by
nanoreplica molding and the use of flexible plastic sub-
strates, which enable an array of novel device platforms.

Future improvements for the devices include the use of
QDs that can be excited with a non-UV source. In addition,
increasing the printing speeds and printing red-green-blue
specific device regions would improve the viability for scal-
able display production. If coupled with thin film transistors
for switching, then E-jet printed PC regions would provide
pixelated control of color and polarization for use in screen
displays for computers, televisions, and other devices that
require the high color purity of QDs.

The devices in this work demonstrate the precise place-
ment of QDs within specific regions of replica molded PCs,
using a scalable fabrication method. The devices show both
polarized emission and an 8 X increase in output intensity, as
compared to output emission without the PC structure. These
improvements have the potential to eliminate polarizers from
backlight display technology and double their optical effi-
ciency. The E-jet fabrication methodology decreases the
wasted QD material by more than 90% from spin- and drop-
casting techniques for identical device areas through the con-
trolled placement of QDs. These cost and performance
improvements are key advances toward overcoming the bar-
riers to cost-effective QD display technology.

The authors are grateful for the support of Dow
Chemical Company under Research Agreement No.
226772AC.
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