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Colloidal quantum-dots (cQDs) are finding increasingly widespread
application in photonics and optoelectronics, providing high
brightness and record-wide colour gamuts. However, the external
quantum efficiencies in thin-film device architectures are still
limited due to losses into waveguide modes and different strat-
egies are being explored to promote the outcoupling of emission.
Here we use a template-stripping-based direct-patterning strategy
to fabricate linear gratings at the surface of cQD thin films. The
linear gratings enhance optical outcoupling through Bragg scatter-
ing, yielding bright emission with a strong degree of linear
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polarization. By patterning linear gratings with different period-
icities and orientations onto a film of mixed-colour cQDs, we
demonstrate polarization-based active colour tuning of the thin-
film emission.

Introduction

Colloidal quantum dots (cQDs) are highly versatile building
blocks for photonic and optoelectronic applications." They
benefit from solution processability, size-tunable optical band-
gaps, high colour-purity, and bright emission. In recent years,
a large number of commercial display and lighting techno-
logies using cQDs as the active layer have emerged.” Such
technologies can make optimal use of the size-tunable charac-
ter of the optical bandgap, providing fine tuning of the emis-
sion colour as well as the ability to generate RGB-based white
light emission from mixed-colour ¢QD thin-films.> Moreover,
thanks to the narrow emission spectra as compared to organic
emitters, cQD based displays allow for the definition of wider
colour gamuts.*™®

The high quality modern cQDs yield high internal quantum
efficiencies for light emitting devices. However, the outcou-
pling efficiencies of the emission are generally much lower
due to optical losses in the device structure. These optical
losses are mainly due to total internal reflection of the emitted
light. Specifically, a large portion of the emission gets trapped
into waveguide modes of the high refractive index cQD layer.
For a typical refractive index of a cQD film of around n = 1.8, as
much as 80% of the light undergoes total internal reflection at
a cQD-air interface. Importantly, the issue of total internal
reflection is not limited to cQD thin-films but is general to all
solid-state lighting employing high-refractive-index emitter
layers. To overcome the losses associated with total internal
reflection, a large number of outcoupling strategies have been
developed. Most of these employ external optical elements to
redirect the emission and avoid interfacial reflections.
Examples of external outcoupling strategies include, for
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example, microlens arrays’ and scattering films.® Such external
optical elements are particularly useful in combination with
LED-based technologies, allowing for the light management to
be decoupled from the electronically integrated emitter film.

However, in current implementations of cQD display and
lighting technologies, the cQD thin film is most often
employed as a backlit down-conversion layer.>® In this case,
the c¢QD layer itself is already decoupled from the electronic
components of the device. Rather than employing external
optical elements for light management, direct patterning of
the cQD layer can provide a more straightforward route to
create the required surface textures for improved outcoupling.
Several direct patterning strategies for cQD thin films have
been developed in recent years. Examples include the use of
direct lithography onto the film,”"* using electron-beam or
optical lithography techniques. In addition, different printing
techniques have shown high-resolution patterning.**'*
Likewise, a number of soft lithography techniques have been
employed, using either viscoelastic stamping or moulding of
the cQD layer.""” Our own group has reported on the
patterning of cQD thin films using hard silicon templates.'®
This so-called template-stripping technique allows for higher
resolution patterning as compared to soft lithography tech-
niques. In past studies, we demonstrated the use of circular
Bragg gratings to generate resonant outcoupling of beams of
fluorescent emission’® and ring resonators to promote
lasing."’

In this work, we expand on these concepts by combining
the direct patterning with mixed colloidal quantum-dot thin
films to demonstrate polarization-based colour tuning of the
outcoupled light. Using linear Bragg gratings, we generate res-
onant outcoupling of fluorescent emission of the cQDs with a
distinct linear polarization state. We present a family of con-
centric polygonal grating structures (rectangles and hexagons)
in which the periodicity of the different axes can be varied,
allowing for independent fine-tuning of each axis to match
different emission wavelength. Arrays of such concentric poly-
gons allow for the large area integration of linear gratings with
different periodicities and orientations into the thin-film of
mixed c¢QDs, enabling polarization-based colour tuning of the
thin-film emission.

Results and discussion

We fabricate our patterned thin films using template
stripping,'®*® schematically depicted in Fig. 1a. In short, pat-
terned templates are fabricated from silicon wafers using con-
ventional electron-beam lithography and deep-reactive-ion
etching. The templates are then coated with an octadecyltri-
chlorosilane-based self-assembled monolayer to reduce the
surface energy of the silicon surface,>! after which colloidal
quantum dots are drop-cast onto the template from a
9:1 hexane/octane (v/v%) dispersion. A glass slide is then
attached to the back of the cQD thin film using a UV-curable
epoxy. In a final step, the glass/epoxy/cQD stack is mechanically
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Fig. 1 (a) Schematic of template stripping procedure, illustrating the
pattern transfer from the hard silicon template to the stripped cQD thin
film. (b) Reflectance microscopy image of a linear grating structurewith
a periodicity A of 350 nm. (c) Fluorescence microscopy image of the
same grating structure as in (b). Images in (b) and (c) are taken with a
numerical aperture (NA) of 0.06. (d) Scanning Electron Microscope
(SEM) image of the same grating structure. (e) Atomic force microscope
(AFM) image of the same grating structure. (f) Representative vertical
line trace of the AFM image in E, showing an average height of the
surface grating of around 90 nm.

cleaved from the template using a razor blade, exposing the
patterned cQD surface. Importantly, the template can be re-
used after a simple cleaning step of ultrasonication in
chloroform.

This journal is © The Royal Society of Chemistry 2022
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Fig. 1b and c show reflectance and fluorescence microscopy
images of a linear grating structure patterned onto a red-emit-
ting (dem = 635 nm) CdSe/CdZnS cQD film. The grating struc-
ture has 300 lines with a periodicity (or pitch) of 400 nm,
demonstrating the large area patterning capability of the tem-
plate-stripping technique. The high quality of the structure is
further emphasized by the scanning electron and atomic force
microscopy images shown in Fig. 1d and e, in which no clear
defects are observed. An extracted height profile from the
atomic force microscopy image is shown in Fig. 1f, showing a
height of around 90 nm for the grating profile, consistent with
the original etch depth of the template.

The increased brightness of the fluorescence of the grating
structure shown in Fig. 1c is a result of increased outcoupling
of the emission otherwise trapped in waveguide modes of the
thin film."®***® Essentially, the trapping of emission is the
result of the momentum mismatch between waveguided light
and free-space photons. Bragg gratings efficiently promote out-
coupling by providing the waveguided light with additional
momentum to couple to free-space photons. The momentum-
matching condition is given by the Bragg equation, which
governs the angle # under which waveguided light of a specific
wavelength A., is coupled out to free space for a given grating
periodicity A:
27Nefp 21

+m= 1
dem A @

kosin 0 = +kyg + mky = £

in which k, is the momentum of light in free space, ky, is the
momentum of waveguided light, &, is the momentum provided
by the grating, m is the diffraction order and n.s is the
effective refractive index of the grating structure. Eqn (1) can
be simplified for outcoupling of emission under the surface-
normal direction (6 = 0), yielding:

dem = A - Neft. (2)

In Fig. 2a we present angle-resolved microscopy images of
the fluorescent emission of a series of linear gratings with
different periodicities of red-emitting cQD thin films (lem =
635 nm). Angle-resolved images are obtained using k-space
microscopy (or back focal-plane imaging) with a high-numeri-
cal-aperture objective (NA = 0.7). The bright arcs of emission
are consistent with enhanced outcoupling of emission through
Bragg scattering from the grating structures. A significant part
of the light is coupled out in directions around the surface
normal (ky/ko = ky/ko = 6 = 0) for a grating periodicity of A =
400 nm, indicating an effective refractive index of the wave-
guided mode of nq¢ = 1.58. Along the surface normal direction,
the resonant enhancement of the outcoupling is as much as
four-fold that of the non-resonant background emission. For
longer and shorter periodicities, light is coupled out under
shallower angles, consistent with the angular dependence of
eqn (1).

Importantly, outcoupling from a linear grating is strongly
polarization dependent, as only the waveguided light travelling
perpendicular to the grating structure undergoes Bragg scatter-

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Fluorescence microscopy image of three grating structures
with varying periodicities. Image was taken with an NA of 0.06. (b)
k-space microscopy image of the three gratings shown in A, showing
the angular distribution of outcoupled emission. Angular range of k,/ko
= +0.7 = +44°. Intensity is normalized to the maximum intensity among
the three images. (c) Angular distribution of the Degree of Linear
Polarization (DLP) of the outcoupled emission of the same three grating
structures.

ing.”? To quantify the degree of linear polarization of the out-
coupled light, we perform k-space polarimetry.>*** As can be
seen in Fig. 2c, a high degree of linear polarization (DLP) is
observed for the resonances. For the grating periodicity of A =
400 nm, a DLP of > 0.7 is observed for the surface normal
direction (k,/k, = 6 = 0). Our direct patterning strategy therefore
allows for spectrally- and polarization-selective outcoupling of
emission from a cQD thin-film.

One of the unique advantages of colloidal quantum dot
emitters is the ability to create multicolour films using cQDs
of different sizes. Combining the size-tunable character of the
c¢QDs with the spectral selectivity of the grating structures, this
allows to selectively outcouple different colours from a cQD
thin-film. To demonstrate this, we fabricate rectangular con-
centric grating structures onto a red-green emitting cQD thin-
film (lems = 540 nm, Aepp = 635 nm). The rectangular con-
centric grating structure consists of two distinct periodicities
(A; = 340 nm, A, = 400 nm) rotated at 90 degrees with respect
to each other (see Fig. S1f for an SEM image of the centre of
the structure). An image taken with low numerical aperture
(NA = 0.06) of the structure is shown in Fig. 3a, illustrating the
selective outcoupling of the different colours in the surface
normal direction for the different grating structures. For these
structures, the outcoupling enhancement in the surface
normal direction is less strong than for the pure red coloured
film presented in Fig. 2, most likely due to increased absorp-
tive losses in the mixed film. Nevertheless, enhancements of
86% for red emission and 71% for green emission are reached

Nanoscale, 2022, 14, 4929-4934 | 4931
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Fig. 3 (a) Fluorescence microscopy image of a concentric rectangular
grating patterned onto a red-green emitting cQD thin-film (lem1 =
540 nm, Aem2 = 635 nm). The grating consists of two distinct period-
icities (A; = 340 nm, A, = 400 nm) rotated at 90 degrees with respect to
each other. (b) Fluorescence spectra taken at the center of the structure
in A, taken with orthogonal polarizer orientations. (c) Fluorescence
microscopy image of an array of the concentric rectangular grating
structures shown in A, arranged in the shape of a traffic light figure. (d)
Same as (c) with linear polarizer axis aligned along A; (e) Same as (c) and
(d), with polarizer aligned along A,. All images and spectra taken with NA
of 0.06. Scale bars in (d) and (e) correspond to 0.5 mm.

when compared to the non-resonant background emission
(see Fig. S3+).

Crucially, the orthogonal orientation of the grating struc-
tures allows to associate each colour with a unique linear
polarization. In Fig. 3b, we show the polarization-resolved
spectrum taken at the centre of the structure with low numeri-
cal aperture (NA = 0.06), showing the clear modulation of the
spectrum for the different polarizer orientations. For the green
emission peak, around 50% intensity modulation is achieved,
whereas for the red emission peak this modulation is around
25%. The main limitation for the intensity modulation of each
peak is the presence of unpolarized background emission
from the thin film.

Despite the limitations in the amplitude of the modulation,
significant colour variation can be achieved, as shown in the
fluorescence microscopy images presented in Fig. 3c-e. The
structures presented here consist of the rectangular gratings of
Fig. 3a, arranged in a traffic light figure (see Fig. S21 for a
detail of the design of the rectangular array). While the unpo-
larized image (Fig. 3c) shows yellow-coloured emission of the
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mixed red and green, high purity of green and red is observed
using a polarizer under the respective orientations (see Fig. 3d
and e).

Going beyond the two-colour concept, a wider range of
colours can be achieved by combining blue, green, and red
emitting cQDS (Aem1 = 460 NM, Aemy = 540 nm, and Aems =
620 nm) into a white-light emitting thin film. Using varying
periodicities of the linear grating structures allows for a wide
tunability of the outcoupled colour, as demonstrated in
Fig. 4a. Fig. 4b shows a fluorescence microscopy image of an
array of concentric hexagonal grating structures that include
the three different periodicities (A; = 275 nm, A, = 340 nm,
and A3 = 400 nm) that are aligned with the three cQD emission
peaks. A schematic of the concentric hexagonal unit cell is
shown in Fig. 4c and an SEM image of the centre of the struc-
ture is shown in Fig. S1.f The hexagonal arrangement allows
for simultaneous resonant outcoupling of white light along
the surface normal direction and control over the colour of
outcoupled light through the associated linear polarization of
each axis of the hexagon. For the hexagonal grating structures,
the outcoupling enhancement in the surface normal direction
reaches 75% for red emission, 64% for green emission, and
38% for blue emission as compared to the non-resonant back-
ground emission (see Fig. S4T). Lower efficiencies for the
shorter wavelengths are most likely due to the increased losses
in the film at those wavelengths.

Fig. 4 (a) Fluorescence microscopy image of linear gratings of varying
periodicities (A = 265-420 nm, with 5 nm increments) patterned onto a
red-green-blue emitting cQD thin-film (Aem1 = 460 NM, demz = 540 nm,
and lemz = 620 nm). (b) Fluorescence microscopy image of an array of
concentric hexagonal grating structures. The grating consists of three
distinct periodicities (A; = 275 nm, A, = 340 nm, and Az = 400 nm)
rotated with respect to each other. (c) Schematic of the design of the
structure in (b) to illustrate the hexagonal unit cell, corresponding to the
black outline in the bottom-left corner of (b). Each hexagon consists of
50 concentric grooves. (d) CIE diagram visualizing the color change
generated by the polarization dependence of the emission spectrum of
the structure in (b). All images and spectra taken with NA = 0.06.

This journal is © The Royal Society of Chemistry 2022
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Using a linear polarizer, the ratios between the different
colours of the hexagonal array of Fig. 4b can be modulated,
with the resulting spectra at different polarizer orientations
shown in Fig. S5.7 It is important to note that due to the vectorial
nature of the polarization of light, it is not possible to indepen-
dently control the transmission of the different peaks of the RGB
spectrum. Nevertheless, the polarization dependence allows us
to generate a tunable RGB white light source that, depending on
the polarizer angle, can generate a warmer or cooler tone of
white. To illustrate this, we map the spectra of Fig. S51 onto the
CIE colour space for each polarizer angle, as shown in Fig. 4d.
This demonstration of a tunable white-light source is of particu-
lar relevance in the context of cQD based technologies for
ambient lighting. Importantly, the polarization-dependent path
within the colour space can be further fine-tuned by introducing
slight variations in the cQD composition or in the grating period-
icities of the concentric hexagon, which would allow to shift the
position, orientation, and aspect ratio of the circular path within
the CIE colour space.

Conclusions

In conclusion, we have demonstrated that the direct patterning
of cQD thin films with linear gratings leads to enhanced out-
coupling efficiencies with a strong degree of linear polariz-
ation. This structuring strategy is particularly powerful in com-
bination with mixed c¢QD thin-films in which different colours
of emission can be selectively enhanced using grating struc-
tures of varying periodicities. Importantly, while we have
limited this study to the resonant enhancement of RGB
colours, intermediate periodicities can generate a wide spec-
trum of other colours, as demonstrated in Fig. 4a. Making use
of the strong degree of linear polarization of the outcoupled
light, we have shown that through the arrangement of linear
gratings with different periodicities and orientations we can
achieve polarization-based active colour tuning of the emis-
sion. Further improvements in the outcoupling efficiencies
can potentially be achieved using more elaborate patterning
strategies, such as sinusoidal grating structures which present
higher diffraction efficiencies.*® This work demonstrates the
versatility of direct patterning as an alternative to external light
management strategies. Finally, it is worth noting that while
sub-micron feature sizes requiring electron-beam lithography
are typically considered too costly for widespread use in appli-
cations, the reusability of the patterned templates may provide
a viable route towards cost-effective large-area fabrication with
sub-micron resolution.

Methods

Patterned silicon (001) templates of 20 x 20 mm in size were
fabricated using standard electron beam lithography in combi-
nation with deep-reactive-ion etching. Prior to processing, tem-
plates were cleaned using sonication in acetone and isopro-
panol and pre-baked at 180 °C for 10 min. A 200 nm layer of
PMMA (AR-P 672.03 950 K) was deposited onto the Si using

This journal is © The Royal Society of Chemistry 2022
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two steps of spincoating (6000 rpm, 60 s) and baking (at
180 °C for 5 min). The grating patterns were then written
using an electron-beam system (Vistec, EBPG 5200) followed by
development for 2 min in MIBK:IPA (1:2 ratio) followed by
1 min in fresh IPA. The pattern was then etched into the Si
templates using a deep reactive-ion etching system (Alcatel,
AMS-200 I Speeder). The remaining PMMA mask was dissolved
in acetone, followed by an isopropanol rinse. After patterning,
the templates were cleaned using O, plasma (600 W, 3 min)
and a piranha treatment (1:1 (v/v%) H,0,/H,SO,, 15 min).
Critically, to enable efficient stripping of the QDs from the
template, an octadecyltrichlorosilane-based self-assembled
monolayer was applied using a modified procedure from
Lessel et al.>" After surface modification, a water contact-angle
of >110° was obtained.

Synthesis of colloidal quantum-dots of CdSe/CdS (blue) and
CdSe/CdZnS (red and green) was performed using existing syn-
thetic methods®”*° with modifications described previously in
Prins et al.'® To improve film quality, special care was taken to
remove any excess ligand after synthesis by performing two
cycles of precipitation of the dispersion with methyl acetate,
followed by centrifugation and redispersion in hexane. Drop-
casting onto the silicon templates was performed using a 9:1
(v/v%) hexane/octane mixture with optical densities (1 cm
optical path length) of 2.0 for the red cQDs, using 35 pL for a
20 x 20 mm template. Mixed red-green films were prepared
using an optical density ratio of 1:4 with a total optical
density of 1.0. For mixed red-green-blue films, this ratio was
1:18:32 for a total optical density of 1.0. The excess of short-
wavelength emitters in these mixtures is to compensate for
Forster resonance energy transfer within the film, causing the
colour balance to shift to the long-wavelength emitters.*!
Drop-cast films were stripped from the template by attaching a
glass slide to the cQD thin-film using a UV-curable epoxy
(Norland 61, 10 min curing) and releasing the cQD/epoxy/glass
stack from the template using a razor blade.®

Fluorescence microscopy was performed using an inverted
optical microscope (Nikon Ti-U) equipped with a blue emit-
ting LED (Thorlabs, M385PLP1-C5), suitable fluorescent filter-
ing (Semrock, DI02-R405) and a CCD camera (EuroMex, CMEX
DC.5000-C). Emission spectra were recorded using a spectro-
graph and an EMCCD camera (Princeton Instruments,
SpectraPro HRS-300, ProEM HS 1024BX3) with a 300 g mm ™"
grating with a blaze of 500 nm. Angle-resolved k-space
measurements were performed by placing a Fourier-transform-
ing lens (Thorlabs, AC254-080-A-ML) at one focal length away
from the microscope exit-port focal plane. Polarization-
resolved images and spectra were recorded using a rotatable
linear polarizer (Thorlabs, WP25M-VIS) and optional quarter-
wave plate (Thorlabs, AQWP05M-580) introduced directly after
the microscope objective using a home-built cage structure
(Thorlabs). Images and spectra were collected using a low NA
objective with a 2x magnification (Nikon, CFI Plan Achro 2X,
NA = 0.06). Angle-resolved k-space measurements were col-
lected using a high NA objective with 60x magnification
(Nikon, CFI S Plan Fluor, ELWD 60XC, NA = 0.7).

Nanoscale, 2022, 14, 4929-4934 | 4933
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