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The power efficiency, spectral characteristics, and output directionality of light emitting diodes (LEDs)
used for lighting and video display may be tailored by integrating nanostructures that interact with
photon emitters. In this work, we demonstrate an approach in which visible-wavelength-emitting
quantum dots (QDs) are integrated within a polymer-based photonic crystal (PC) and excited by an ultra-
violet-emitting LED. The PC design incorporates two interleaved regions, each with distinct periods in
orthogonal directions. The structure enables simultaneous resonant coupling of ultraviolet excitation
photons to the QDs and visible QD emission at two different wavelengths to efficiently extract photons
normal to the PC surface. The combined excitation and extraction enhancements result in a 5.8X
increase in the QD output intensity. Further, we demonstrate multiple QD-doped PCs combined on a
single surface to optimally couple with distinct populations of QDs, offering a means for blending color
output and directionality of multiple wavelengths. Devices are fabricated upon flexible plastic surfaces by
a manufacturable replica molding approach. © 2015 Optical Society of America
OCIS codes: (230.5298) Photonic crystals; (230.5590) Quantum-well, -wire and -dot devices;

(160.5470) Polymers.
http://dx.doi.org/10.1364/AO.54.002302

1. Introduction

There are a broad range of application-specific needs
for lighting and display technologies, given their
prevalence in our homes, workplaces, and pockets.
Precisely engineered control of the output spectrum
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of lighting products is desired to match the
requirements for color temperature and output direc-
tionality, while at the same time optimizing power
efficiency and manufacturing cost. For video display
applications, controlling the blend of primary colors
in each pixel is necessary, while the control of pixel
output directionality must be tailored for a range
of viewing methods that may be either tightly con-
fined (for privacy) or widely dispersed (for wide view-
ing angle).

As the effects of polarization, wavelength, and
directionality within periodic dielectric structures
are characterized [1–4], various applications con-
tinue to emerge for optical resonators using photonic
crystal (PC) structures. By varying the duty cycle,
period, and refractive index, the resonant character-
istics of a PC can be tuned to interact with wave-
lengths extending from the ultraviolet [5] to the
infrared [6,7]. These properties have been used for
a variety of applications including polarizers, filters
[8], biosensors [9], optical communication compo-
nents [10], displays, and lighting [11]. PCs have been
incorporated into light emitting diodes (LEDs) in
order to increase extraction efficiency [12], and to
control the directionality of light output, either nor-
mal to the device or into angular sidelobes [13,14].

With an appropriate choice of dielectric materials
and dimensions, the resonant modes of a PC can be
engineered to occur at specific combinations of angle
and wavelength. This allows light of the selected
wavelength and incident direction to couple to the
PC and excite a highly localized electromagnetic
standing wave with an amplitude that is substan-
tially greater than the original illumination source.
Enhanced excitation will occur by placing emitters
within the region with an increased electric field
magnitude at their excitation wavelength. Because

the guided modes will couple in and out of the PC
under phase matching conditions for specific combi-
nations of wavelength and incident angle, it is pos-
sible to collect light at the outcoupling angle more
efficiently, and thus providing an enhanced extrac-
tion mechanism.

Quantum dots (QDs), semiconductor nanocrystals
that down-convert light from a broad band of excita-
tion wavelengths to a very specific emission wave-
length [15,16], have been successfully incorporated
into PCs with specific resonances designed to couple
to the relevant excitation and/or emission wave-
lengths of the QDs [6,15,17–21]. By introducing
two-dimensional variation into the PC structure,
through the use of different periods in orthogonal
directions, a PC may incorporate multiple resonan-
ces at widely varied wavelengths [3] so as to interact
simultaneously with the excitation and emission
spectra of the integrated QD emitters [17] as ameans
of enhancing the number of photons generated
by each QD, while increasing the efficiency of
emitted photons that reach the viewer. In this work,
we demonstrate an approach, shown in Fig. 1(a),
which incorporates one or more types of QDs into
a replica-molded flexible polymer-based PC struc-
ture that is excited by a UV backlight LED. The
UV excitation source couples to a resonant mode of
the PC, which creates an enhanced excitation at
the coupling wavelength by increasing the magni-
tude of the electric field experienced by the QDs in
the PC, thus producing greater photon output than
would occur without a PC structure. The rectangular
lattice of the PC is designed to produce a resonance
at the wavelength of QD emission, resulting in pho-
ton emission that is efficiently channeled normal to
the PC surface. As shown in Fig. 1, we designed and
fabricated an interleaved surface in a checkerboard

Fig. 1. 2D PC device structure. (a) A cross-sectional schematic of the device structure in which a backlight UV LED source illuminates
multiple regions. Each region contains the sameQDmix embedded into the polymer layer of the PC grating. However, the two regions have
distinct PC structures to enhance and outcouple separate wavelengths of QD emission. (b) A top down schematic of the two interleaved
regions of the device with TiO2 and their respective feature sizes. (c) An SEM of the replica molding master. The inset shows the pillars of
the two regions at diagonal corners within themaster structure. (d) SEM images of both Region 1 (left) and Region 2 (right) from the device
after TiO2 has been deposited to form the PC.
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pattern, containing two PC designs. While both re-
gions are designed to produce resonances for the
same UV excitation wavelength, each region is opti-
mized for a different QD emission wavelength. This
is a novel device structure that allows multiple types
of QDs to experience simultaneous enhancement in a
single device structure. Such a structure can enable a
customized output spectrum through control of the
enhancement wavelengths and the relative surface
area of each PC region.

2. Device Structure

The device structure interleaves the regions of two
distinct 2D PCs in a checkerboard pattern. Each re-
gion consists of rectangular cavities, as shown in
Fig. 1(b), with resonances created by the periodic
variation in the orthogonal directions on the surface.
Each region varies in one direction with dimensions
selected to provide enhancement from the same UV
excitation source (200 nm period with 40% and 70%
duty cycles in Regions 1 and 2, respectively), while
the orthogonal directions have larger feature sizes
for producing resonances at visible wavelengths.
The larger features in Region 1 have a lateral width
of 250 nm to produce resonances at λ � 490 nm,
while the features in Region 2 have a lateral width
of 340 nm, designed to produce resonances at
λ � 590 nm. For both regions, the structure is formed
from a QD-doped polymer with a grating depth of
80 nm that is coated with an 85 nm thin film of
TiO2. While the period of the structure is the main
determinant of the resonant wavelength, the reso-
nances can also be tuned via control of the TiO2
thickness.

The PC structures were designed using rigorous
coupled wave analysis (Rsoft, DiffractMod) to predict
the resonant wavelengths and electromagnetic field
distributions at the resonant wavelengths, by evalu-
ating a unit cell of the PC with periodic boundary
conditions in both the x and y directions, as indicated
in Fig. 1. Note that, due to the large difference
between the refractive index of TiO2 in the UV
(n � 2.87) [22] and the visible (n � 2.61 at λ �
590 nm) [22], separate simulations were carried out
for unpolarized incident light in two wavelength
bands (350 < λ < 450 nm and 450 < λ < 800 nm) and
plotted together for each PC region. The simulation
results (Fig. 2) show large dips in the transmission
efficiency at the wavelengths for which guided mode
resonance occurs. Both regions have resonances in the
UV near λ � 370 nm, and Region 1 has a resonance
near λ � 490 nm, while Region 2 has a resonance near
λ � 600 nm. These visible wavelength resonances are
designed to overlap with the emission spectra of QDs
incorporated into the PC.

3. Materials and Methods

A silicon wafer was fabricated to serve as a “master”
template for the replica molding process, and thus
contains a negative surface image of the desired
PC grating structure. The master’s grating structure

was fabricated via electron beam lithography on a
layer of thermally grown SiO2 on a Si wafer, upon
which reactive ion etching was used to produce
80 nm tall pillars, as shown in Fig. 1(c). The pat-
terned device area was 3 mm × 3 mm. To facilitate
the clean removal of the replica from the master,
the wafer was cleaned with a piranha solution
[3∶1�v∕v� mixture of sulfuric acid and hydrogen per-
oxide] for 20 min, rinsed with DI water (MilliQ), and
dried with N2. Next, a vapor-phase deposition of
(tridecafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilane
(No-Stick, Alfa Aesar) was performed by placing the
wafer into an enclosed container with two drops of
the No-Stick solution for 1 h.

CdSeS/ZnS alloyed QDs were purchased from
Sigma-Aldrich (6 nm, 1 mg/mL in toluene, oleic acid
as ligand), or synthesized for this application by
coating with oleic acid ligand, then purified twice
using precipitation and centrifugation with ethanol
and methanol. Lauryl methacrylate (LMA) and
ethylene glycol dimethacrylate (EGDMA) (Sigma-
Aldrich) were purified to remove the inhibitor with
an inhibitor-removal column (Sigma-Aldrich) before
their use.

The UV curable polymer, consisting of 182 μL of
LMA and 18 μL of EGDMA, was mixed in a flask,
and 4 mL of the QD hexane solution and 8 μL oleic
acid was added and mixed well, then 20 μL of PLMA
monopolymer solution (Scientific Polymer Products,
Inc.) was added to increase the viscosity. The remain-
ing solvent was removed using a rotavap at room
temperature and 2 μL of initiator (Darocur 1173,
Sigma-Aldrich) was added immediately before spin
coating. The solution was spin coated onto the
master wafer at 600 rpm for 30 s, then immediately
polymerized by exposure to a high-intensity UV lamp
for 30 min in an argon atmosphere glovebox.

After the film was fully cured, a layer of NOA 61
(Norland Products Inc.) was drop coated over the
composite film. An acetate sheet (Optigrafix Acetate)
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Fig. 2. Computer-simulated transmission spectra of target reso-
nances occurring with an unpolarized source at normal incidence
for Regions 1 and 2. Because of the variation in the refractive index
values of TiO2 at different wavelengths, the simulations were run
with the appropriate values for each wavelength range.
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substrate, selected for low birefringence, was then
placed over the master wafer and brought into con-
tact with the uncured NOA drops to form a thin con-
tinuous layer between the acetate sheet and the
composite thin film. Next, the NOA was cured for
10 min using a UV lamp under ambient conditions.
The acetate substrate, along with the NOA layer and
composite thin film, was then released from the
master wafer with the thin film of QD-PLMA con-
taining the replicated 2D cavity structure. After rep-
lica molding, TiO2 was deposited by sputtering (K. J.
Lesker Dual-Gun Sputter System) to the depth re-
quired for resonance at the desired wavelength. Dep-
osition times were restricted to keep the substrate
temperature from exceeding 40°C, to avoid thermally
induced damage to the polymer materials, which
sometimes required multiple layers of TiO2 deposi-
tion to reach the correct thickness.

4. Results

The emission properties of the devices were mea-
sured using aUV LED (Thor Labs, Ultra Bright Deep
Violet LED) centered at λ � 375 with a 20 nm
full width half-maximum as the excitation source.
A 350 < λ < 390 nm bandpass filter was used to
eliminate any non-UV emission from the LED. The
LED output was collimated before illuminating the
PC. The device was mounted over a cover with a
3 mm diameter aperture, assuring that only the pat-
terned PC region was excited and measured.

The device under test was mounted to a motorized
rotary stage, allowing the incident excitation angle to
be varied. The output passed through a UV filter to
eliminate any light from the excitation source, then
was collected by a collimating lens attached to an op-
tical fiber. The fiber was connected to a spectrometer
(USB2000+, Ocean Optics) from which the emission
can be measured and observed through the LabView
OmniDriver software which also controlled the rota-
tion position of the stage in 0.1 deg steps.

To measure the impact of the extraction angle, the
same equipment was used, but instead of mounting
the PC sample to a rotation stage and varying the
excitation angle, the PC sample position was fixed.
The collimator coupled to the optical fiber was in-
stead mounted on the stage and rotated around
the PC, allowing extracted light to be collected over
a range of angles with respect to the PC surface.

The photonic band diagram of a device was deter-
mined using the same experimental setup as that to
measure the excitation output, but the UV LED
and associated bandpass filter were replaced with
a tungsten-halogen lamp coupled to an optical fiber
that outputs unpolarized light through a collimator,
then the broadband transmission was measured
across a range of angles.

In a sample with QDs emitting at a peak wave-
length of λ � 505 nm, the extraction was measured
before and after a deposition of 20 nm of TiO2 to
compare the output intensity with and without
a photonic crystal structure, as shown in Fig. 3.

A narrow, angle-dependent extraction enhancement
is shown, in addition to a broader excitation enhance-
ment. Another sample was fabricated with a homo-
geneous mixture of QDs, with emissions centered
at λ � 490 nm and λ � 585 nm. This mix demon-
strated the ability of the PC to selectively enhance
a subpopulation of embedded QDs. The emission
wasmeasured on a QD-doped grating structure with-
out PC resonances by measuring the emission of a
structure without TiO2 [Fig. 4(a)] and after the PC
is formed by deposition of a 43 nm TiO2 thin film.
The maximum QD emission increased by 4 times
for the 490 nm QDs and 5 times for the 585 nm
QDs, shown in Fig. 4(b), but only within the regions
in which their emission matched their corresponding
PC resonance. To adjust the resonance conditions of
the PC for enhancing the emission wavelengths of
both types of QDs, an additional 42 nm of TiO2
was deposited, and that resulted in a total increase
of 4.2X for the 490 nm QDs and 5.8X for the 585 nm
QDs [Fig. 4(c)], as the resonance conditions of the PC
were redshifted by the thicker TiO2 layer. After the
final TiO2 deposition, the band structure of the PC
was measured using the broadband source, as shown
in Fig. 4(d).

Because the device structure has a different period
in each orthogonal direction, the transmission effi-
ciency can be measured over the range of angles
across θ that vary with the shorter, UV resonant
features or the Φ angle with the larger features that
couple to visible wavelengths. The difference in the
two photonic bands is shown in Fig. 5. In Fig. 5(a),
the angle θ is varied, there is an angle-dependent

Fig. 3. Impact of angle on QD extraction measured with and
without a PC structure present. In the inset, a scan of the output
intensities for λ � 450–550 nm across a range of angles is shown in
a device with a 20 nm TiO2 thin film coating. In the main plot, the
angle dependence of the output at λ � 505 nm is shown. With no
PC present, the output emission of the quantum dots is lower.
In the structure with the PC, there is a strong angle-dependent
enhancement of a factor of 2X centered at −2 deg off normal inci-
dence, representing the angle and wavelength combination
at which the QD emission is enhanced through resonance with
the PC.
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resonance in the UV, while the resonance in the vis-
ible is constant for all wavelengths, regardless of an-
gle. This occurs because there is no angle variation
experienced by the features responsible for coupling
to those wavelengths. A similar situation occurs in
Fig. 5(b) with constant wavelength resonance occur-
ring in the UV wavelengths, while varying the angle
Φ experienced by the PC only changes its coupling to
the larger PC features and shows angle-dependent
variation at wavelengths greater than λ � 450 nm.

The enhancement of QDs in a region with PC cou-
pling is substantial enough to be easily visible to the
naked eye. Figure 6 shows photographs of two dual-
region QD-doped PCs with emissions at from λ � 490
and λ � 590 nm. The brighter regions are providing
both enhanced excitation and extraction for the em-
bedded QDs. The alternate regions have a resonance
condition of the PC that is coupling only to the exci-
tation wavelength, and appears darker due to the
lack of an extraction enhancement.

5. Discussion

The QD excitation measurements for structures with
and without a PC structure all showed a slightly
asymmetrical output, which corresponded to asym-
metrical output intensity from the UV-LED source.
This can be seen in Fig. 3, where the peak extraction
occurs at −2° from normal incidence. This narrow
peak is angle dependent, and shows a factor of 2 in-
crease in output emission with the photonic crystal
present, while the broader enhancement across all
measured angles is due to the enhanced excitation
over the entire PC area. The extraction enhancement
occurs only in the PC region, but both regions have
resonances at the UV excitation wavelength and so
contribute to the enhanced excitation. As shown in
Fig. 5, the UV and visible resonances show angle
dependence in orthogonal directions, so it is expected
that the enhanced excitation shows little angle
dependence when varying the extraction angle.

By adjusting the thickness of the TiO2 layer, the
resonance conditions can be easily tuned. As shown

Fig. 4. Comparison of the angle dependence of excitation at different stages of TiO2 deposition, as the thickness enables tuning of the
resonance conditions. (a) Measured output intensity with no PC structure. (b) Measured enhancement from a PC with a 43 nm thick TiO2

layer. (c) Measured enhancement from a PC with an 85 nm think layer of TiO2. (d) Transmission spectrum with an 85 nm think layer of
TiO2 confirms the locations of the peak resonance as measured by the varied excitation output intensity in (c).

Fig. 5. Resonance conditions for the UV and visible wavelengths
occur in orthogonal directions, so in (a), the transmission mea-
sured only with angle variation along θ has angle dependence
in the coupling to the UVwavelengths. In (b), theΦ variation leads
to angle-dependent coupling with the visible wavelengths. The fea-
tures of the photonic band diagram are less distinct for λ < 450 nm
because the broadband light source emits visible wavelengths
λ > 450 nm.

Fig. 6. Photographs of quantum dot enhancement within the
checkerboard of PC regions. (a) The QD emission at λ � 490 nm
is brighter in Region 1, where both the excitation and extraction
are being enhanced, compared to Region 2, in which only enhanced
excitation occurs. (b) A sample with a mix of QDs emitting at λ �
490 nm and λ � 590 nm. The yellow QDs in Region 2 dominate the
output, because the peak extraction enhancement for λ � 490 nm
in Region 1 is directed away from normal, resulting in reduced in-
tensity when observed from above the PC.
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in the varied depositions in Fig. 4(a)–4(c), a thicker
layer redshifts the resonance wavelength of the
structure. Figure 4(d) shows the photonic band dia-
gram of the structure with the total 85 nm of TiO2,
where the darker bands indicate the wavelength and
angle coupling leading to resonance within the PC.
These bands correspond to the bands of enhance-
ment seen in Fig. 4(c) within the QD emission.

Devices using the PC structure demonstrated in
this work combine excitation and extraction en-
hancement for an increase of up to 5.8X as compared
to the QD output produced with no PC structure
present. There is an expected difference between
the improvements in excitation and extraction, given
that the QDs are dispersed through both regions of
the PC structure. Therefore, the QDs in every region
experience enhancement of the UV excitation wave-
length, but the output wavelengths are enhanced
only in one region, or half the total device area.

There are also a several mechanisms by which it
will be possible to further improve the enhancements
offered by this approach. By optimizing the feature
sizes for specific colors, the PCs may be designed
to better couple to the emission and excitation wave-
lengths of the desired QDs, increasing the local elec-
tric field within the PC, and thus the enhancement
experienced in the QD output. This can also be ac-
complished by coupling QDs to only the TM mode,
with higher Q-factor resonance conditions. In a 1D
PC, the TM mode (which has electric field compo-
nents in the x and z directions) can be isolated from
the TE mode (with only y-directional electric field).
However, in a 2D PC, the two polarizations cannot
be separated and present as TE- and TM-like modes.
These modes are similar to their 1D counterparts,
with the TM-like mode occurring at a longer wave-
length and having a narrower resonance than the
TE-like mode, as shown in the band diagram in
Fig. 4.

In addition, the lattice structure in the PC has
a dramatic effect on the possible enhancement,
as shown in [9,20], where square and hexagonal
arrangements of circular cavities demonstrated en-
hancement factors of 100–200X. Specifically placing
the QDs only in the PC pixel region where they
would experience both excitation and extraction
would decrease the quantities of QDs required
and also extract light more effectively. With these
improvements, it is likely that the PC enhancement
would be at least comparable to the 8X enhance-
ment reported in [17].

Future devices may be designed to utilize a non-
UV excitation source simply by adjusting the design
parameters to couple to a different wavelength. Pixel
patterning can also create regions with no PC struc-
ture at all, allowing only the excitation source light to
pass through, thus increasing the flexibility of color
mixing options for lighting.

The use of nanoreplica molding for fabrication
makes it possible to scale up to large area fabrication
on flexible substrates. With appropriate materials,

large area, flexible displays and light sources can
be constructed to use pixelated PC enhancement.
The use of PCs in lighting and displays gives the ad-
vantage of angle steering possible with PC enhance-
ment to broaden or narrow the output angles and
control the directivity of light output in both lighting
and displays. Polarization control is also possible
with a PC, and could eliminate the 50% loss of back-
light power by providing an initially polarized output
in display technology.

The technological opportunities afforded by PCs
combined with the levels of enhancement possible
using QD-embedded PC devices may be a key enabler
for the affordable incorporation of QDs into novel
lighting and display applications. The enhancements
require lower concentrations of QDs and could ad-
vance the color purity and performance of QD-based
light sources toward consumer applications.

6. Conclusions

The devices in this work demonstrate the incorpora-
tion of QDs into a replica molded 2D PC. The PC has
distinct periods in orthogonal axes, allowing one di-
rection of the structure to resonantly couple the UV
LED excitation source to the embedded QDs. The
orthogonal direction resonantly couples to the QD
emission in the visible spectrum, enhancing the ex-
traction of photons normal to the device surface.
These structures have demonstrated combined exci-
tation and extraction enhancements up to 5.8X out-
put intensity, using an approach that interleaves
PC regions and enables design-selectable resonant
properties, allowing different types of QDs to be
embedded into the device and experiencing simulta-
neous enhancement from the same excitation source,
but different extracted wavelengths. The resulting
pixelated surface on a flexible substrate enables
blending of the color and directional output of multi-
ple QD emission wavelengths for potential lighting
or display applications.

The authors are grateful for the support of Dow
Chemical Company under Research Agreement
#226772AC.
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