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Luminescence-based circular polarization
convertors: polarization conversion of

linearly polarized photoluminescence from
one-dimensionally aligned quantum rods using
retardation films+

Yutaka Okazaki, 2 * Misaki Kimura, Kan Hachiya‘® and Takashi Sagawa 2 *

Existing methods for generating circularly polarized (CP) light from an unpolarized light source without
using external electrical energy have drawbacks, such as a trade-off relationship between CP light
intensity and purity. Here, we demonstrate an approach for the generation of high-purity, high-intensity
CP light based on a luminescence-based CP convertor composed of a linearly polarized luminescence
(LPL) film and a quarter-wave plate. The LPL films, fabricated by one-dimensional alignment of
semiconductor quantum rods and laminated with a quarter-wave plate, enabled effective conversion of
LPL to high-purity CP light and retained the photoluminescent spectral pattern, light intensity, and the
large degree of polarization. The sign of CP light was easily switched by changing the orientation of the
quarter-wave plate and the LPL polarization plane. Furthermore, we also demonstrate the first example
of parallel-type and multi-layered luminescence-based CP light convertors for multiplexing optical

rsc.li/materials-c

Introduction

Circularly polarized (CP) visible light is gathering worldwide
attention as a next-generation light source because it exhibits
extensive optical information, a wide viewing angle, and asym-
metric effects, such as chiral induction,! enantioselective
chemical reactions,”” and enhancement of the energy conver-
sion efficiency of photovoltaics (inverse Faraday effect). In
recent years, the improvement of various optical properties,
such as the polarization degree, light intensity, and color
tunability, has been considered an important issue in the
generation of CP light. The majority of the reported approaches
for creating CP visible light from unpolarized light without
using external electrical energy can be roughly classified into
three categories, namely, filtration using a circular polarizer,
selective reflection by chiral liquid crystal structures,” and
circularly polarized luminescence (CPL) from chiral
materials.® A classical filtering method using a circular polar-
izer made from a linear polarizer and quarter-wave plate has
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information. Our findings will aid the design of next-generation CP light-generating materials.

been widely used, especially in the field of optics, because it can
produce high-purity CP light with high reliability. A selective
reflection method using chiral liquid crystal structures, which
is based on biomimetics,” can also produce high-purity CP light
with unique properties, such as angular dependence of color
(structural color) owing to Bragg’s law. Another unique property
of this approach is that CP transmitted light has an opposite
signal to that of CP reflected light. The significantly high
polarization degree of CP light obtained from the above two
methods originates from the precise filtration or separation of
the one-sided CP light, resulting in a theoretical light intensity
limitation of less than 50%. In contrast to the above two
approaches, the CPL approach allows various highly emissive
CP luminophores exhibiting various emission colors to be
selected. However, the quantum yield (¢), indicating lumines-
cence intensity, and the dissymmetry factor (gum), indicating
the polarization degree of CP light upon luminescence, are
generally in a trade-off relationship.® Therefore, despite
remarkable recent progress in CP light generation, the creation
of high-purity CP visible light with high light intensity remains
an important challenge.

Linearly polarized luminescence (LPL), on the other hand,
has no theoretical constraints in achieving both high polariza-
tion degree and high light intensity. Various approaches have
been reported for the fabrication of LPL materials, including
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Fig. 1 Schematic illustration of high-purity CP visible light generation by
conversion of LPL.

stretching,® the fiber-directed method,” shearing,’ rubbing,”
evaporation,’®” the Langmuir-Blodgett method,”” external
field,” and photo-induction.”™ However, effective use of LPL
films for producing high-purity CP visible light with high light
intensity, has not been investigated so far, not to mention the
effect of multilayering of LPL films.

Here, we demonstrate an approach based on the polariza-
tion conversion of LPL to produce high-purity CP visible light
with high light intensity (Fig. 1). This approach enables various
achiral photoluminescent (PL) dyes to be selected. Therefore,
the emission color and light intensity can be easily tuned using
the PL spectra and quantum yield of dyes. By laminating a
quarter-wave plate on the LPL material, the polarization degree
of LPL is directly converted to the polarization degree of CP
light (Pcp), resulting in an extremely large Pcp value. The sign
(right-handed (RH) or left-handed (LH)) of CP light can be easily
switched with retention of the PL spectral pattern and intensity
by simply changing the angle between the fast axis of the
quarter-wave plate and polarization plane of LPL from +45° to
—45° (or from —45° to +45°).

In comparison with a circular polarizer, a luminescence-
based CP convertor uses a LPL film instead of a linear polarizer.
The most significant difference between LPL films and linear
polarizers is the spectral conversion properties derived from
the photoluminescent phenomenon. Taking advantage of
spectral conversion properties of LPL films, LP light at desired
wavelength can be produced from incident light at undesired
wavelength. From the viewpoint of energy loss, when unpolar-
ized light at desired wavelength is filtered by a linear polarizer,
more than half of light energy is cut off. In contrast, in the case
of LPL films, the emitted light at desired wavelength is already
highly polarized. Therefore, light energy loss can be prevented
by using LPL films, even when combined with a linear polar-
izer. Further advantage of this approach can be found in the
multilayering of LPL films. Details will be given later.

In the present paper, LPL films were fabricated by the one-
dimensional alignment of semiconductor quantum rods (QRs)
with the following advantages: (i) LPL can be generated along the
long axis of nanorods; (ii) a high molar coefficient and quantum
yield are obtained, which lead to a high light intensity; (iii) a
sharp PL peak; and (iv) various QRs with different emission
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colors can be excited at one selected wavelength by taking
advantage of the semiconductor features. The latter two features
are key properties for the multiplexing of optical information
from a CP light convertor. Herein, we demonstrate that our
luminescence-based CP conversion approach provides high-
purity CP light that is easily detected by the naked eye using a
circular polarizer. We also demonstrated switching of the sign of
CP light by simply changing the angle between the fast axis of
the quarter-wave plate and polarization plane of LPL, and multi-
plexing of the optical information using parallel-type and multi-
layered luminescence-based CP light convertors.

Results and discussion

In this study, CdSe/CdS core/shell QRs were selected because
the emission color can be easily tuned by selecting the size of
the CdSe core particles. CdSe/CdS core/shell QRs were synthe-
sized by the hot-injection method (see ESI{).'® When CdSe
quantum dots showing different emission colors were used as
core particles (Fig. S1-S3, ESIt), the obtained solutions showed
yellow-, orange-, and red-colored emission under UV light
irradiation, respectively (Fig. 2a-c). Fig. 2d shows UV-vis and
PL spectra of these three solutions. UV-vis spectra of yellow-,
orange-, and red-QRs showed clear first absorption peaks at
573, 593, and 610 nm, respectively, corresponding to the energy
gap between the valence and conduction bands of the CdSe
core. The broad absorption bands below 500 nm, which were
attributed to energy gaps between the valence and conduction
bands of the CdS shell, were observed from all three solutions.
In the PL spectral measurements, sharp emission peaks were
observed at 587 nm (FWHM = 22 nm) from yellow-QRs, 607 nm
(FWHM = 29 nm) from orange-QRs, and 627 nm (FWHM =
28 nm) from red-QRs, respectively. The QR morphologies were
evaluated by transmission electron microscopy (TEM) observa-
tion. TEM images of the dried samples of the QR toluene
solutions showed quite uniform rod-like nanostructures. To
quantitatively analyze the morphology, the length and width of
200 nanorods in TEM images were measured. For the orange-
QRs, the average length was 29.6 nm (¢ = 2.4) and the average
width was 4.9 nm (¢ = 0.5), as shown in Fig. 2e and f. The
morphologies of the yellow-QRs and red-QRs were also evalu-
ated, as summarized in Fig. S4 and S5 (ESIf). The crystal
structure of nanorods was evaluated by high-resolution TEM
(HR-TEM) observation and from its fast Fourier transformation
(FFT) pattern. As shown in Fig. 2g, clear periodic patterns were
observed. Both top and bottom HR-TEM images show the same
lattice spacing (3.4 A) along the long axis of nanorods, which is
in agreement with that of the (002) lattice planes of a hexagonal
wurtzite-type CdS crystal (Fig. 2h)."°“''>? This is consistent
with a preferential growth of CdS shells along the c-axis of the
wurtzite-type crystal structure without change in the diameter.
Element mapping of the nanorods was conducted using scan-
ning transmission electron microscopy-energy dispersive X-ray
spectroscopy (STEM-EDX). As shown in Fig. 2i, Cd and S atoms
were located homogeneously in nanorods, while Se atoms were

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a—c) Photographs of QR toluene solutions showing (a) yellow-, (b)

orange-, and (c) red-colored PL under UV light irradiation at 365 nm. (d)
UV-vis (dotted lines) and PL (solid lines) spectra of yellow-, orange, and
red-QRs suspended in toluene. All peak top PL intensities are adjusted to 1.
(e) TEM image of orange-QRs. (f) Length (left) and width (right) distribution
of orange-QRs. (g) HR-TEM images of orange-QRs. Insets show FFT
patterns of the area selected by the red and blue squares. (h) Illustration
of CdSe/CdS core/shell QRs and the hexagonal wurtzite-type CdS crystal.
(i) STEM image (monotone) and element mapping (colored) of QRs. Red,
blue, and green colors indicate Cd, S, and Se atoms, respectively.

localized close to the center of the nanorods, confirming that
the nanorods consisted of a CdS rod-like shell and CdSe core.

In general, the LPL properties of QRs significantly degraded in
homogeneous bulk materials owing to their random orientation.
To extract and maximize the LPL properties of QRs on the macro-
scale, the QRs were oriented in one direction (1D) by uniaxial
stretching of the composite polymer films. In this study, we
selected poly(ethylene-co-vinyl acetate) (EVA) as a stretchable poly-
mer because of its transparency, elasticity, solubility, and adhesive
properties on various substrates. The QR/toluene solution was
mixed with an EVA/toluene solution, and the mixture was cast on
a glass substrate. After drying in air, the composite polymer
film was stretched in one direction and attached to a glass substrate.
For orange-QRs, the obtained orange-QR/EVA 1D-stretched film

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Photograph of 1D stretched orange-QR/EVA composite films

taken under room light (left) and UV light at 365 nm (middle and right). In
the case of right photographs, luminescence was observed through a
linear polarizer placed in parallel (||) and perpendicular (L) directions to the
stretching direction. Angular dependence of PL intensity at Zax Of orange-
QR/EVA composite films (b) before and (c) after 1D stretching. The
stretching ratio was 7. (d) Plots of P p_um versus stretching ratio. (e) TEM
images of orange-QR/EVA composite films after 1D stretching.

showed good transparency, orange-colored strong luminescence
under UV light, and different luminescence intensities under a
linear polarizer placed parallel and perpendicular to the stretching
direction (Fig. 3a). Similar results were observed for the yellow- and
red-QR/EVA stretched films (Fig. S6, ESIT). These results indicated
that the obtained 1D-stretched composite films showed yellow-,
orange-, and red-colored PL with strong linear polarization sufficient
to be detected by the naked eye using a linear polarizer.

For detailed evaluation of the 1D-stretched QR/EVA compo-
site films, the effect of the stretching ratio on the degree of
linear polarization in photoluminescence was first studied.
Fig. 3b and ¢ shows the angular dependencies of PL intensities
at the highest peak (Amax) before and after 1D stretching of
QR/EVA composite films. The unstretched film showed no
significant angular dependence on the PL intensity, while the
1D-stretched film showed maximum values at 0° and 180°, and
minimum values at 90° and 270°. The degree of linear polariza-
tion in photoluminescence (Ppp.jum) was calculated using the
following equation:

I” -1
Pip = 1
Lp e (1)
J. Mater. Chem. C, 2023, 11, 935-942 | 937
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where I; and I, are the PL intensities of parallel and perpendi-
cular components under depolarized excitation at 450 nm.
Fig. 3d shows the correlation between the Pip,, value and
the 1D stretching ratio. The Pipj,m value increased almost
linearly to the maximum value (0.68) upon 1D stretching up
to six times. Further stretching showed no significant enhance-
ment of the Prp.,m, value. The orientation of QRs incorporated
into the composite films was evaluated by TEM observation. As
shown in Fig. 3e, 1D stretching provided 1D orientation of QRs
in polymer media, whereas random orientation of QRs was
confirmed in the unstretched polymer media (Fig. S8, ESIt).
To further investigate the linear polarization properties of
1D-stretched QR/EVA composite films, the degree of linear
polarization in the absorption process (Ppp.aps) Was studied.
The Py p.aps value was calculated from PL intensities excited with
parallel and perpendicular LP light at 450 nm (Fig. 4a). The
obtained value (Ppp.aps = 0.28) was clearly smaller than the
degree of linear polarization in PL (Pppj,m = 0.68, Fig. 4d).
These results suggest that the fabricated LPL films play a role in
efficiently converting unpolarized light into linearly polarized
light, since they exhibit a small Py p s value and a large Ppp.jum
value. These results also indicate that the mechanism of linear
polarization generation differs between the absorption process
(Prp-abs) and emission process (Prp.jum), Which is in good agree-
ment with the mechanism reported previously.'” In the absorp-
tion process, linear polarization mainly originates from the
dielectric effect based on the morphological anisotropy of QRs.

(a) (b)

Total PL intensity
excited by parallel LP light (/,.,)

1, Ex: 450 nm (/) w
1 0 Ex: 450 nm (L)
2 ——
g I
< Pip.pps = 0.28|
T LEAbs S (c) Total PL intensity
excited by parpendicular LP light (/,.,)
w
0 [
600 700 800
Wavelength (nm) o I’
(d) (e) Parallel component of LPL intensity
excited by depolarized light (/)
/. Ex: 450 nm | w
1 oo (Depolarized) |
c | —_—
5] |
£ Pipsum = 0.68
E LP-lum | ® Parpendicular component of LPL intensity
lo.s excited by depolarized light (/,.,)
| w
0
600 700 800 I
Wavelength (nm) A I/l
Fig. 4 (a) PL spectra of 1D stretched orange-QR/EVA composite films

excited with parallel (red line) and perpendicular (blue line) LP light at
450 nm, respectively. (b and c) Schematic illustration of the study on
generation of LP properties in the light absorption process. (d) LPL spectra
of 1D stretched orange-QR/EVA composite films excited with depolarized
light at 450 nm. Red and blue lines indicate parallel (||) and perpendicular
(L) LPL components against 1D stretching direction, respectively. (e and f)
Schematic illustration of the study on generation of LP properties in the
light emission process.
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Namely, the rod-shaped CdS shell part mainly provides the linear
polarization in the absorption process. In contrast, in the emis-
sion process, linear polarization is mainly derived from the
quantum confinement effect based on the QR width being
smaller than the exciton size. Indeed, the average widths of
yellow-, orange-, and red-QRs were 4.6 nm, 4.9 nm, and 5.7 nm,
respectively, which were sufficiently smaller than the exciton size
(10.6-10.8 nm) calculated from the previously reported CdSe
exciton Bohr radius (5.3-5.4 nm)."

To fabricate a luminescence-based CP convertor, a 1D
stretched QR/EVA composite film was laminated with a
quarter-wave plate where the fast axis was placed at —45° to
the stretching direction (see ESIt). When the 1D-stretched film
was directly laminated on a quarter-wave plate, a flexible-type
luminescence-based CP convertor was prepared (Fig. S10, ESIT).
When the PL was observed through a RH or LH circular
polarizer, brighter light was observed through the LH circular
polarizer. Quantitative evaluation of the RH- and LH-CP light
components, as measured using a PL spectrometer with a CP
light detection setup (see ESIT), confirmed that the total emis-
sion included 83% LH-CP light and 17% RH-CP light (Fig. 5a,
left). The degree of circular polarization in the photolumines-
cence (Pcp) was calculated using the following equation:

Ly — I
Pep — Iix — Iru| )
Ity + Iru

where I;y; and Iy are the PL intensities of LH- and RH-CP light
components under depolarized excitation at 450 nm, respec-
tively. The obtained Pcp value (0.66) was similar to the Prpym
value (0.68), proving that the polarization degree of LPL was
directly converted to the polarization degree of CP light.
Indeed, a good linear correlation between the Pcp values and
Prpum values was observed as shown in Fig. 5d. The CP light
produced by a luminescence-based CP convertor is not CPL but
polarization-converted LPL. Therefore, the degree of circular
polarization in the photoluminescence from a CP convertor
should not be evaluated by using the dissymmetry factor (g)
calculated using the following equation:
g 2(IILH — Irn) 3)
Lu + Iru

If we dare to calculate the |g| value for comparing with that of
CPL, the obtained Pcp value (0.66) corresponds to a |g| value of
1.32. Interestingly, the sign of CP light could be switched with
retention of the PL spectral pattern and intensity by simply
changing the angle between the fast axis of the quarter-wave
plate and stretching direction of the LPL films from +45° to
—45° (Fig. 5a, right). Large Pcp values and switchable properties
detectable by the naked eye were also observed from yellow-
and red-colored CP convertors (Fig. 5b and c), although the Pcp
values of yellow-colored CP convertors (P .cp = 0.46 and Py cp =
0.49) were relatively smaller than those of the other convertors.
The Pcp values were plotted against the aspect ratio of QRs,
confirming a good correlation between them (Fig. S11, ESIT).
Considering the sufficiently smaller QR width against the
estimated exciton size, the different polarization degrees can

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 PL spectra of (a) orange-, (b) yellow-, and (c) red- CP convertors.
Excitation wavelength, 450 nm. All the spectra on the left (or right) were
obtained from LH- (or RH-) CP convertors, respectively. LH- and RH-CP
light components in the PL were measured using a photodetector with a
CP light detection optical setup (see ESIT). Insets are photographs of (a)
orange-, (b) yellow-, and (c) red- LH- (left) and RH- (right) CP convertors
under UV light at 365 nm. Luminescence of these CP convertors
was observed through LH- and RH-CP filters. (d) Correlation between
the PLp_..um and Pcp values. The red line is the theoretical curve.

be explained from the different orientations of the QRs in the
polymer media which might correspond to the aspect ratio
of QRs.

A unique advantage of the CP convertor was observed when
a linear polarizer was combined with it. When a linear polarizer
was placed between the LPL film and quarter-wave plate,
almost completely single-handed CP light (Pcp > 0.95) was
produced because the perpendicular component of emitted
light was almost perfectly cut off. If the Pipj,m value of an
LPL film is maximum (Pipjum = 1), the light intensity of
transmitted light from the total PL intensity, defined as the
light-extraction efficiency (neg), will be 100% in theory. In
contrast, the light-extraction efficiency of nonpolarized PL will

This journal is © The Royal Society of Chemistry 2023
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ideally be 50%. Linear correlation between the #;gg value and
Prpum value was observed, as summarized in the following
equation:

Icp

LEE = ]total B

I Prpwum
2 2

=+ —> X ioss X 100 (4)

where I, is the total PL intensity, Icp is light intensity of the
LH- or RH-CP light component, and factor aj.s is the loss
coefficient including light scattering. The experimental data,
indicated as red dots in Fig. 6, show a linear but slightly lower
line compared with the theoretical line. This lowering might be
explained from light scattering effects at the interface owing to
the refractive index mismatch. Interestingly, this correlation
curve indicates that a high light-extraction efficiency (y.gg) and
high polarization degree (Ppp.jum, namely Pcp) can be achieved at
the same time. At this point, the luminescence-based CP
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Fig. 7 (a) Schematic illustration of a parallel-type luminescence-based CP
convertor. LH- and RH-CP light were generated by patterning of LPL, and
detected by the naked eye using a circular polarizer. (b—d) Photographs of
a parallel-type luminescence-based CP convertor composed of a v-LPL
film on the left and a h-LPL film on the right under UV light at 365 nm.
Luminescence was observed (b) without a filter, or using (c) LH-CP and (d)
RH-CP filters.
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Fig. 8 Schematic illustration of a luminescence-based CP convertor with angles between the polarization plane of the LPL film and fast axis of the

quarter-wave plate of (a) —45°, (b) 0°, and (c) +45°. (d) Schematic illustrati
different pieces of optical information from a three-layered luminescen
polarization plane of the red- (left), orange- (middle), and yellow-colore
indicated. Excitation wavelength, 450 nm.

convertor is considered as totally different from that of the other
methods. For example, even in the case of imperfectly optimized
results of the current study, the prepared CP convertor, which is
composed of high quantum yield QRs (approximately 60-
70%"%7), can produce high-purity CP light (Pcp = 96%) with high
light-extraction efficiency (7 gg = 82%).

The luminescence-based CP convertor composed of several
LPL films made a significant contribution in multiplexing
optical information. The first example was observed in the
parallel arrangement of LPL films with the same PL spectral
pattern. As shown in Fig. 7a, the QR/EVA composite film
stretched vertically (v-LPL film) was placed on the left side,
and another film stretched horizontally (h-LPL film) was placed
on the right side. When the fast axis of the quarter-wave plate
was adjusted to be at +45° in the vertical direction and at —45°
in the horizontal direction, the CP convertor produced LH-CP
light on the left side and RH-CP light on the right side. Although
the difference in CP-light handedness was not detectable by the
naked eye alone, the use of LH- and RH-CP filters allowed
clear observation by the naked eye, as shown in Fig. 7b-d.
These results indicated that the luminescence-based CP conver-
sion approach enabled multiplex optical anisotropy by pattern-
ing the orientation of LPL generating agents.

The second example was observed in multi-layered LPL films
exhibiting different PL colors. When the angles between the
polarization plane of the LPL film and fast axis of the quarter-
wave plate were —45°, 0°, and +45°, LH-CP, parallel LP, and RH-
CP light were produced, as shown in Fig. 8a-c, respectively.
Taking advantage of this, further multiplexing of the optical

940 | J Mater. Chem. C, 2023, 11, 935-942

on of a multi-layered luminescence-based CP convertor. (e) Twenty-seven
ce-based CP convertor. Inside the parentheses each angle between the
d (right) LPL films and fast axis of the quarter-wave plate, respectively, is

information was demonstrated by laminating different color-
emitting LPL films at different angles between the polarization
plane of the LPL film and the fast axis of the quarter-wave plate.
To the best of our knowledge, this is the first time that such a
multi-layer LPL film system has been fabricated and investi-
gated. When the yellow-, orange-, and red-color-emitting LPL
films were laminated at three different angles (—45°, 0°, and
+45°) against the fast axis of the quarter-wave plate, 27 possible
pieces of optical information were estimated to be produced, as
shown in Fig. 8d. By measuring PL spectra of all combinations,
we confirmed that 27 different pieces of optical information, as
combinations of wavelength, PL intensity, and polarization,
were produced from a three-layered luminescence-based CP
convertor by only selecting the angle (Fig. 8e). Interestingly, the
difference between these 27 pieces of optical information was
not clearly detected by the naked eye using CP filters (Fig. S12,
ESIt), in contrast to the parallel-type CP convertor (Fig. 7).
These results indicate that the multi-layered luminescence-
based CP convertor has potential for use in high-level security
printing.

Conclusions

We have reported the first example of the generation of high-
purity CP light with high light intensity based on a
luminescence-based CP convertor composed of an LPL film
and a quarter-wave plate. The synthesized yellow-, orange-, and
red-QRs showed significant LPL when oriented by 1D stretching

This journal is © The Royal Society of Chemistry 2023
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of the composite polymer films. After lamination of these LPL
films with a quarter-wave plate, LPL was effectively converted to
high-purity CP light with retention of the PL spectral pattern,
light intensity, and the large degree of polarization (e.g., Pcp =
0.66, which corresponds to |gjum| = 1.32). The sign of CP light
was easily switched by simply changing the angle between the
fast axis of the quarter-wave plate and the polarization plane of
LPL from +45° to —45° (or from —45° to +45°). Completely
single-handed CP light (Pcp, ~0.95) was also produced when a
linear polarizer was placed between the LPL film and quarter-
wave plate owing to almost perfect cutting-off of the perpendi-
cular component of emitted light. The equations obtained from
both theoretical and experimental studies indicated that a high
light-extraction efficiency (n.gg) and a high polarization degree
(Prpjum, Namely Pcp) can be achieved at the same time. At this
point, the luminescence-based CP convertor is totally different
from the other CP convertors. Furthermore, we also demon-
strate the first example of parallel-type and multi-layered
luminescence-based CP light convertors for multiplexing of
optical information. These findings will help designing next-
generation CP light-generating materials for various fields,
including photoelectric conversion, plant factory, and security
printing.
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