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A conventional polarizer for an organic light-emitting diode (OLED) display deteriorates light efficiency by
blocking more than 50% of the emitted light from the OLED. The use of such a polarizer with a quarter-
waveplate is inevitable to achieve an excellent dark state because it blocks the reflection of incoming ambient
light to the OLED. However, when there is no incoming light outside of the display, the polarizer does not play
a role of suppressing the reflection but sacrifices emitted light. In this study, we propose a switchable dye-
doped liquid crystal (DDLC) that serves as a polarizer for strong ambient light in the voltage-off state, which ef-
fectively absorbs ambient light reflection from OLED electrodes. With the DDLC in the voltage-on state, it can be
switched to a non-absorption state for weak ambient light, allowing the emitted light from the OLED to pass
through it, which enhances the light efficiency of the OLED. Consequently, the switchable DDLC performs effec-
tively in terms of display contrast ratio and light efficiency for any ambient light conditions. The 2 wt% DDLC
polarizer not only exhibits a smaller reflectance than that of a conventional polarizer, but also improves the emis-
sion intensity by 61%. Our proposed DDLC polarizer can be compactly equipped with an OLED panel and can im-
prove the lifetime of the device by enhancing optical efficiency.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Recently, organic light-emitting diode (OLED) devices are emerging
as a promising technology for smartphones and even televisions be-
cause of their self-luminous displays with high color gamut, flexibility,
high contrast ratio, and wide viewing angle [1–6]. Generally, the OLED
display consists of multiple organic layers confined between anode
and cathode electrodes in which the organic layers inject electrons
andholes into the emission layer and a recombination of electronsmov-
ing in opposite direction results in the emission of light. In the display,
the cathode is typically a mirror-like metal layer that causes strong re-
flections of ambient light to enter into the OLED panel [7,8]. The reflec-
tion causes a serious issue of low contrast ratio display. For instance,
under direct sunlight or inside a bright room the reflection can become
stronger such that a good dark cannot be achieved and the contrast ratio
of the displayed image becomes very poor, rendering the exhibited dis-
play with low visibility.

Several attempts to overcome this issue have beenmade such as de-
velopingpotential alternatives tometal electrodes [9–12]; the use of an-
tireflection coatings [13]; work with black matrix and absorption layers
), lsh1@jbnu.ac.kr (S.H. Lee).
[14,15]; and suggesting various types of models to enhance destructive
interference in the reflection or scattering of ambient light [16–18]. The
most notable and efficient commercialized method is to use a circular
polarizer which combines a linear polarizer with a wide-band quarter-
wave retardation plate (QWP) and can prevent ambient reflections by
rotation of the polarization state of an incident light [1,19–21]. This ap-
proach provides a substantial increase in contrast ratio owing to the im-
proved dark state in ambient light conditions; however, severe loss of
emitted light by more than 50% with an OLED device is inevitable. The
higher the degree of polarization (DOP) of a polarizer, the more its
transmittance drops. A commercialized polarizer with DOP transmits
only 44% of the emitted light. Consequently, the prospect of the indoor
performance of the device on light efficiency, especially when there is
no or weak light less than 200 lx, has to be forfeited [19,22,23]. The
drawback of an OLED device is the relatively short lifetime of the emit-
ted organic materials compared to the inorganic materials of LED or
voltage-driven liquid crystal displays. An OLED device's lifetime gets
shorter with higher electroluminescent light. In turn, if we can improve
the luminance of an OLED by 50% in relatively low ambient light, then
the lifetime of the OLED can be enhanced and extended. In order to
overcome the above mentioned technical barriers, a polarizer needs to
be developed that can switch froma linear polarizer to perfect transpar-
ency depending on intensity of ambient light. Carbon-based tunable
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polarizers such as carbon nanotubes and graphene oxide have beenpro-
posed, however, their DOP and large-scale optical performance are still
far away from commercialization [24–27].

In this report, we propose a switchable dye doped liquid crystal
(DDLC) polarizer to enhance the on-state efficiency of OLED displays.
TheproposedDDLCpolarizer consists of homogenously aligned dichroic
black dye in a nematic LC host and can be switched between high and
low absorption states. The DDLC, then, absorbs ambient light with po-
larization propagating parallel to the long axis of the black dye in a
voltage-off state and passes through the emitted light from the OLED
without absorption in the voltage-on state. Consequently, the electri-
cally switchable DDLC polarizer not only works as a polarizer under
strong ambient light conditions, but also significantly improves the op-
tical efficiency of the display when ambient light is low. Our studies
show that a DDLC polarizer with 2 wt% doped dye exhibits less specular
and diffuse reflectance than that of a conventional polarizer. In addition,
our polarizer shows ~61% increase in display emissions upon voltage
supply, which in turn avoids the requirement of an unnecessary in-
crease in emission power to exhibit a high luminance at low ambient
light. Furthemore, the DDLC polarizer can increase lifetime of OLED
owing to improvement in optical efficiency.

2. Cell structure and the driving principle of DDLC polarizer

A conventional bottom-emission OLED display device consists of a
light emission unit (OLED panel), a QWP film, and a linear polarizer.
The polarizer is set between the QWP and the OLED panel wherein its
transmission axis is positioned 45o to the slow axis of the QWP as
depicted in Fig. 1(a) and (b). The principle of suppressing a strong am-
bient light is to utilize a circular popularizer.When unpolarized ambient
light hits the display panel, it is converted to linearly polarized light by
the polarizer and then is converted to circular polarized light by QWP
film. Once it is reflected from themetal electrode, the light becomes cir-
cularly polarized butwith an opposite sense and then finally the linearly
polarized light, after passing through the QWP in a polarization state,
becomes orthogonal to the polarizer axis [28,29]. The polarizer, then,
blocks the light, as shown in Fig. 1(a). The demerit of this approach is
that it also blocks portions of emitted light from theOLEDwhen the dis-
play is turned-on, resulting in a more than 50% loss of emitted light, as
shown in Fig. 1(b). The underlyingmechanismof our DDLC polarizer re-
lies on the selective absorption of ambient light such that the light prop-
agating parallel (perpendicular) to the long axis of the black dye is
absorbed (transmitted). The dye aligns parallel to the LC director and
when the LC is electrically switched to orient perpendicular to a sub-
strate, the dye follows the orientation of the LC director. The higher
the dichroic ratio of a black dye, the higher the transmittance in the
Fig. 1. Schematic representation of theworking principle of the conventional circular polarizer i
through a polarizer and QWP plate and then it changes polarization direction by 90o after refl
polarizer by more than 44%. The switching principle of the DDLC polarizer in the OLED: (c) P-m
for no ambient light (DDLC transmits most of emitted light). The yellow arrows indicate an am
from OLED panel. The red arrows represents the polarization state of an ambient light.
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voltage-on state will be. Therefore, a proper concentration of black
dye with an appropriate cell gap will give rise to a linearly polarized
light when nonpolarized light passes through the DDLC. The proposed
OLED display utilizes an electrically switchable DDLC which consists of
an OLED panel, a QWP film, and a DDLC polarizer as shown in Fig. 1
(c) and (d). The absorption axis of the DDLC sample is set to 45o of the
slow axis of the QWP. The DDLC plays the role of a polarizer in the
voltage-off state while the OLED is in emission mode, which we name
the polarization mode (or P-mode), as shown in Fig. 1(c). The dye mol-
ecules are horizontally oriented in a specific direction alongwith the LC
atwhich the dyemolecules absorb the ambient light with a polarization
state parallel to their long molecular axis while the polarization state
perpendicular to the long axis of dyes passes through it. In turn, the am-
bient light that enters into the display panel and is converted to a line-
arly polarized light with a polarization axis perpendicular to the
average orientation of the dye molecules in the P-mode. The reflected
ambient light is effectively blocked by the DDLC polarizer, playing ex-
actly the same role as a conventional polarizer. However, when the am-
bient light is not strong enough, such as inside a room with closed
windows, or there is no ambient light, the DDLC device can be switched
into a low absorption state, i.e. the dyemolecules are aligned perpendic-
ular to the substrate by supplying voltage to the DDLC cell. Most of the
emission light passes through the DDLC polarizer without absorption
by dye molecules (we call this the transmittance mode or T-mode), as
shown in Fig. 1(d). Consequently, the loss of emitted light from the
OLED panel will be minimized and less current can be applied to the
panel to get the same luminance as the conventional approach, which
can extend the lifetime of the OLED panel. The amount of light absorp-
tion that occurs in the T-mode depends on the dichroic ratio of dyes in
a LC. The higher the dichroic ratio, the less absorption that occurs in
the T-mode. Furthermore, when the climate affects light, such as
when there is cloud cover, then an intermediate stage for the DDLC
polarizer, one between homogenously aligned and vertically aligned
states, could be utilized by supplying intermediate voltage. In this
way, the polarization ratio of the DDLC polarizer decreases but blocks
the amount of light still coming through despite weather conditions
and improves transmittance compared to conventional static polarizer.
The proposed approach can improve an optical efficiency of OLED tele-
vision and extend the lifetime of the OLED. In addition, rapid switching
between the P- and T-modes takes place within a tenthmillisecond and
the DDLC exhibits excellent reliability because the voltage driven
LC-dye system demonstrates a very reliable electro-optic performance
[30,31]. Overall, we can effectively control the unwanted reflection of
ambient light and get the desired emission intensity from an OLED
panel to realize a high contrast ratio in any amount of ambient light
and a long display life that covers theweak points in an OLED's lifespan.
nOLED; (a) An ambient light changes to a linealry and circularly polarized ligh after passing
ection so that the ambient light can be blocked; (b) Light emitted by the OLED is lost by a
ode for high ambient light (DDLC plays the role of the linear polarizer); and (d) T-mode
bient light propagating into the OLED panel. The green arrows indicate an emitted light



Fig. 2. Absorption spectra of DDLC polarizers with a different weight percent of dye into
the LC mixture. Solid lines correspond to A|| and dashed lines correspond to A⊥.
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3. Experiments

The DDLC polarizer proposed in this report is composed of a dichroic
dye Irgaphor Black X12 (BASF Co., Korea) dispersed in a nematic LC
(Merck Co., Korea). The LC exhibits a positive dielectric anisotropy of
4.7. The employed black dye exhibits a positive dichroism. The OLED
panel was used as a display source. First, 1 wt%, 1.5wt%, and 2wt% of di-
chroic dyewere added to the LC andmixed thoroughly bymagnetic stir-
ring for 10 min to achieve a homogeneous mixture. The mixture was
then poured into the experimental cell at slightly above the TNI of the
LC by a capillary action. Although the dye is not known to have the ten-
dency of forming agglomerations in the LC medium [32], in practice we
have observed agglomerations for higher dye concentrations of 5 wt%
that severely affects device performance. For this reason, our analysis
was constrained to 2 wt% dye concentration. The experimental cell
was fabricated by assembling two indium‑tin-oxide glass substrates
whose inner surfaces were coated with polyimide for a homogeneously
planar orientation of the LC molecules, and this is schematically illus-
trated in Fig. S1. Both substrates were coated with polyimide
(AL22620, JSR Corp.) and performed pre-backing at 80 °C for 5 min
followed by a post-baking at 230 °C for 60 min. Next, both substrates
were rubbed with velvet cloth and assembled antiparallel to the rub-
bing directions. A 5 μm cell gap tape was used to maintain the uniform
gap between the substrates. Our results are quantitatively compared
with the conventional film-type polarizer purchased from Dongwoo
Fine-Chem Co., Korea.

We start our analysis by performing essential characterizations of
the DDLC polarizer using a polarizing optical microscope (POM)
(Nikon, ECLIPSE E600, Japan) attached with camera (Nikon, DXM
1200) and an optical microscope (OM). Note that only a single polarizer
was used for the OM, whereas crossed polarizers were used for the
POM. Next, our analysis was extended to examining reflection proper-
ties by integrating our DDLC polarizer into the OLED panel. The reflec-
tion properties were estimated by measuring luminance with two
different approaches: the luminance meter method and the integrating
sphere method. In first method, the reflectance measurements were
performed using a luminance measurement system (ARSN-733,
JASCO). With the second method, the reflectance was evaluated by an
integrated sphere method that uses a spectrophotometer (CM-2600d,
Konica Minolta Sensing Korea Co.). Both instruments consist of inbuilt
light sources and measured the specular component included (SCI)
and specular component excluded (SCE) reflections. To appraise the re-
flectance under day light illuminant conditions, the chromaticity behav-
ior of the device was estimated by measuring color coordinates using
the International Commission on Illumination (CIE) standard charts
with Standard Illuminant D65. For wavelength-dependent transmit-
tance measurements, a UV–Vis/NIR spectrometer (V-670, JASCO) was
used and a film-type polarizer (Dongwoo Fine-Chem Co., Korea) was
fixed appropriately when required. An incident of unpolarized light is
converted into linearly polarized light using a film-type polarizer and
detected with a transmitted light. The voltage-dependent measure-
ments were performed by LCMS-200 (Sesim Photonics Technology,
Korea) at a 60 Hz frequency. A QWP film was attached to the DDLC
polarizer at which the rubbing direction makes 45o to the QWP and
the images were taken in a direction normal to the substrate.

4. Results and discussion

Our analysis begins with the essential characterization of the DDLC
polarizer by investigating the absorption spectra of the dye, thereby cal-
culating dichroic ratio, order parameters, and dichroism. The absorption
parallel (A||) and perpendicular (A⊥) direction to the rubbing direction
(D) was measured by polarized UV–Visible spectra. In other words,
the A|| and A⊥ refers to the light absorption parallel and perpendicular
to average orientation of the dye, respectively. It is worth noting that
the A|| was relatively higher than the A⊥, as shown in Fig. 2(a). Since,
3

the LC molecules are known to the non-absorption material through
visible light, this polarization selective absorption is purely attributed
to the dichroic dye. It is evident that the employed dye material was
exhibiting a broad absorption peak covering the entire visible wave-
length range. A positive dichroism was observed and a significant
change of absorbance with concentrations was noticed. The dichroic

ratio, which is defined as A‖
A⊥
, was calculated as 3.59, 3.58 and 3.61 for

1 wt%, 1.5 wt%, and 2 wt% dye samples at 550 nm, respectively. Regard-
less of dye concentrations, the dichroic ratio was found to be constant
for all the samples. Based on this,we further estimated thedegree of ori-
entation of dyemolecules in the LCmedium bymeasuring the order pa-
rameter (S) defined as [33],

S ¼ A‖−A⊥

A‖ þ 2A⊥
ð1Þ

where the S varies from zero (for a highly disordered system) to 1 (for a
highly ordered system). The measured S does not seem to change with
dye concentration. Specifically, it was found to be approximately 0.46
for all the samplesmeasured at 550 nm. It is noteworthy tomention that
the calculated order parameter data has a good correlation with ob-
tained experimental data.

Next, we carried out our investigation to assess the voltage-
dependent orientation of the dyemolecules in a host LC. The optical im-
ages and corresponding voltage-dependent absorption spectra were
measured to estimate the degree orientation of dye. In Fig. 3(a), the
dark state under crossed polarizers changed to a bright state on 45o ro-
tation of samplewhich suggests the LC directors align along the rubbing
direction, i.e., planar orientation. Additionally, the intensity in the bright
state decreases with increasing dye concentration. By applying the ap-
propriate voltage at this position, the bright state again changes to a
dark state due to the reorientation of the LC molecule perpendicular to
the substrate along the vertical electric field. The dye molecules are
also expected to follow the LC orientation. However, the images in
Fig. 3(a) does not directly show the dye orientation. In turn, we mea-
sured the voltage-dependent absorption spectra with an incident polar-
ized light with its polarization direction fixed along the Dwithout using
an analyzer. The data shown in Fig. 3(b) clearly suggest the absorption
of the incident light in the voltage-off and the voltage on states shows
a clear difference, proving the orientation of dye follows field-induced
reorientation of the LC director. As one can expect, the absorption inten-
sity also tends to increase with dye concentration. This is to say, the
higher the dye concentration, the higher the absorption in both
voltage-off and voltage-on states. As shown in Fig. 3(c), OM character-
izations were performed to get a qualitative analysis of how well the
DDLC polarizer performs compared to a conventional polarizer. The
DDLC polarizer with 1wt% and 1.5wt% showed some level of light leak-
age when its absorption axis was orthogonal to that of a conventional



Fig. 3. (a) POM images of DDLC polarizer. P, A, and D represent the polarizer, analyzer, and rubbing direction of the cell, respectively. The first column represents D parallel to the incident
polarization and themiddle column refers to the rotation of the sample to 45owith respect to P. The last column is the sample's textures at 10 V. (b) Voltage-dependent absorption spectra
of DDLC polarizers. Here, the incident light polarization state coincides with D. Solid and dashed lines corresponds to 0 V and 10 V, respectively. (c) OM images of DDLC polarizer with the
polarization axis of an incident light perpendicular (top row) and parallel (bottom row) to the D.

Y. Won, H.S. Shin, M. Jo et al. Journal of Molecular Liquids 333 (2021) 115922
polarizer, implying its degree of polarization was inferior to that of a
conventional polarizer. However, the DDLC polarizer with 2 wt%
showed a comparable dark state when its absorption axis was orthogo-
nal to a conventional polarizer, but its transmittance became lower
when it was parallel to a conventional polarizer, compared to those
with conventional polarizer. In sum, the DDLC polarizer manifested po-
larization selective absorption and the 2 wt% doped cell showed a com-
parable performance in the crossed polarizer condition. The utilized dye
followed the ordered orientation of the LC to effectively switch between
the two distinct absorption states via bias voltage.

We extended our observations to study the wavelength-dependent
transmittance of the short and long molecular axis of the dichroic dye.
The transmittance parallel (perpendicular) to the transmission axis of
the dye is indicated by T|| (T⊥), and the measurements scheme is
shown in Fig. 4(a). Analysis of the three samples shown in Fig. 4
(b) reveals that the transmittance was significantly affected by the
dye concentration. The T|| was much higher than that of the T⊥ for all
the DDLC polarizers, indicating the emitted light from OLED panel can
be greatly improved if T|| can be switched to T⊥ mode. The wavelength
dispersion of the DDLC polarizer was less in T|| but stronger in T⊥ com-
pared to those in conventional polarizer. The measured T|| values are
74.4%, 64.8%, and 59.4% for 1 wt%, 1.5 wt%, and 2 wt% dye DDLC
polarizers, respectively, whereas a conventional polarizer exhibits 82%
transmittance. Such a significant difference between T|| and T⊥ was
achieved from anisotropic absorption of the dye molecules. Another in-
teresting point to emphasize is that the T⊥ was also decreasing with in-
creasing dye concentration such that the 2 wt% dye DDLC sample was
exhibiting similar T⊥ to that of the conventional polarizer. In order to
4

estimate polarization ability, we measured the degree of polarization
(DOP) defined as [34],

DOP %ð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T‖−T⊥

T‖ þ T⊥

s
� 100 ð2Þ

As displayed in Fig. 4(c), the DOP was strongly affected by the con-
centration of the dichroic dye and wavelength (see Fig. S2 and
Fig. S3). Remarkably, the DOP of DDLC polarizers increased with dye
concentration even though the T|| decreased more with a higher dye
concentration. In our measurements, the DOP of the conventional
polarizer was approximately 99.7% whereas the DDLC polarizer with
1 wt%, 1.5 wt%, and 2 wt% dye concentration exhibited 89.5%, 94.2%,
and 96.9% of DOP, respectively. Slightly low DOP for 1 wt% DDLC
polarizer is attributed from the low absorption of the dichroic dye in
T⊥. Further, the Extinction Ratio (ER) of the DDLC polarizer was mea-

sured which is defined as 10� log T‖
T⊥

� �
. From Fig. 4(d), the ER is 9.4,

12.6, and 15.4 for 1 wt%, 1.5 wt%, and 2 wt% dye concentrations at
550 nm, respectively, which is smaller compared to conventional
iodine-type polarizer (ER=23.5). However, it is a high value compared
to tunable polarizers reported elsewhere [35,36].

Next, we investigated a voltage-dependent transmittance of the
DDLC polarizer for an unpolarized incident light as presented in Fig. 5.
The referenced conventional polarizer transmits about 43% of an inci-
dent light. The difference in transmittance between DDLC polarizers
with different dye concentrations is small at lowvoltages, and the trans-
mittance begins to increase after 2 V and gradually reaches maximum



Fig. 4. (a) Schematics of measuring T|| and T⊥. The blue arrow indicates the transmission axis of the DDLC cells. The red arrows indicate the polarization direction of an incident light.
(b) Measured wavelength-dependent T|| (solid lines) and T⊥ (dashed lines). (c) Measured DOP at 550 nm. CP represents the conventional polarizer that is indicated by the red dot.
(d) Measured ER of DDLC polarizers and conventional polarizer.

Fig. 5. Comparison of voltage-dependent transmittance of DDLC polarizers. The
conventional polarizer was indicated as a dotted line.
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transmission at 10 V, indicating the dye director follows reorientation of
the LC director. In contrast to the conventional polarizer, a significant in-
crease of transmittance was obtained for DDLC polarizers upon voltage
supply because the dye director switched from planar to vertical
alignment. Interestingly, the on-state transmittance can be further ma-
nipulated by controlling the dye concentration. The normalized voltage-
dependent transmittance is shown in Fig. S4 and the whole cell images
are shown in Fig. S5. The driving voltages are 5.8 V, 6.1 V, and 6.4 V for
1 wt%, 1.5 wt%, and 2 wt% DDLC polarizers, respectively.

We also analyzed the voltage-dependent electro-optic properties of
the DDLC cells, to check their feasibility to serve as a switchable
polarizer in the OLED display. For this purpose, we measured the
5

reflectance of the DDLC polarizer at R-mode with the QWP and the
OLED panel. We employed a luminance meter in a folded geometry to
measure the reflectance. The measurement scheme is illustrated in
Fig. 6(a). An inbuilt lamp in the luminance meter irradiates directly on
the sample and the subsequent reflected light is measured by rotating
the detector in the path of the reflected luminance flux. Note that we
measured only the specular reflectance of a specific angle (θ) by keeping
both incidents and reflected angles to 10o with respect to the cell's sub-
strate. The reflectance data, as a function of wavelength, clearly con-
firms that the DDLC polarizer had a significant effect on a reflectance
of 10o as depicted in Fig. 6(b). The reflectancewith DDLC polarizers rap-
idly decreases with increasing dye concentration such that it is 17.85%,
10.66%, and 6.25% at 550 nm for 1 wt%, 1.5 wt%, and 2 wt% dye concen-
tration, respectively. Since the reflectance of the conventional polarizer
is 8.35%, the DDLC polarizer with 2 wt% was quite effective in suppress-
ing the reflectance. As can be seen in Fig. 6(c), similar results were
achieved for macroscopic images of the cells taken by a
high-resolution camera. The images represent a manifestation of dis-
tinct reflectance with dye concentration. The 1 wt% sample shows
more reflectance than that of the 2 wt% sample such that the shadow
of the camera dimly appears in the 1 wt% sample whereas it vanished
for 2 wt% sample. Thus, the proposed DDLC polarizer seems to be an ef-
ficient candidate to restrain the reflections of OLEDs.

To gain more insight into the reflectance, we measured the SCI and
SCE reflectance by using an integrated sphere method also known as
the Ulbricht Sphere method. Specular reflection refers to a viewing dis-
play at identical angles for both the incident and observer's angles;
whereas diffuse reflection, also known as Lambertian reflection, refers
to a viewing display at different incident and observer's angles. As the
specular reflection can be eliminated by tilting the display device, the



Fig. 6. (a) Schematic diagram of the reflectance measurements of prepared samples at P-mode. The θ represents the rotation angle of the sample. (b) Measured wavelength-dependent
specular reflection of DDLC polarizer at 10o. Comparative results at 550 nm shown inset. (c) Corresponding macroscopic images. The p and D represent transmission axis of the
conventional polarizer and the absorption axis of the DDLC polarizer.
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actual human perception of the display is mainly associated with the
diffuse reflection. The SCI and SCE reflectance measurements scheme
are depicted in Fig. 7(a). Based on the instrument's geometry, the spec-
ular reflection is removed by opening a light trap, so that only diffuse re-
flection is measured. For SCI reflectance, both diffuse and specular
reflections can be measured by closing the light trap. In order to make
a quantitative comparison, we measured the SCI reflection with a sam-
ple angle from previous measurements (10o ± 0.5o). The SCE reflection
refers to the observer's angle that is not the specular angle. Both mea-
surements were performed in an off-normal direction perpendicular
to the display surface. Fig. 7(b) and (c) indicate the SCI reflection spectra
and Fig. 7(d) and (e) represent the SCE reflection spectra. It is evident
that a relatively higher reflectance was obtained when specular reflec-
tion was considered. More specifically, the reflectance of 1 wt% and
1.5 wt% DDLC polarizers was 22.43% and 10.49%, respectively, which is
higher than the conventional polarizer (9.48%). Still, the reflectance of
2 wt% DDLC polarizer was approximately equal to the conventional
polarizer. However, interestingly, a significant decrease in reflectance
was obtained if we disregard the specular reflection. In the case of
SCE, the reflectance measured at 550 nm was 1.79%, 5.79%, 1.75%, 1.4%
for the conventional polarizer, and 1 wt%, 1.5 wt%, and 2 wt% for the
Fig. 7. (a) Schematic diagram of the SCI and SCE reflectance modes of the DDLC polarizer. Mea
results of, (c) SCI mode and, (e) SCE mode, calculated at 550 nm. CP represents a conventiona
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DDLC polarizers. Based on our study on reflectance, our device offers
significantly less reflectance compared to the conventional polarizer.

Chromaticity properties of the reflected light were also measured to
investigate whether or not SCI and SCE reflections possess any chro-
matic behavior. The specular reflection condition was measured at 10o

and the diffuse reflection condition was 0:10o (zero degree incident
angle and 10o observer's angle). The chromaticity diagrams of the SCI
and SCE reflections of the DDLC polarizer were depicted in the CIE
1931 color space and 1976 color space as presented in Fig. 8. The u’
and v’ of the CIE 1976 were calculated by following Eq. [37];

u0 ¼ 4x
−2xþ 12yþ 3

, v0 ¼ 9y
−2xþ 12yþ 3

ð3Þ

where x and y are the chromaticity values of the specific color in CIE
1931 color space. The color coordinates of D65 illuminant were
(0.31271, 0.32902) and (0.31382, 0.33100) for CIE 1931 and CIE 1976
color space, respectively. The (x, y) coordinates of CIE 1931 were con-
verted to (u, v) coordinates of CIE 1976 color space using the above
Eq. (3). By comparing both charts, one can notice that there is no chro-
maticity behavior of reflected light due to DDLC polarizer. The color dif-
ference (ΔC) was calculated from the equation [37],
sured wavelength-dependent reflectance of (b) SCI mode and (d) SCE mode. Comparative
l polarizer.



Fig. 8. Chromaticity diagram of the CIE 1931 color space at (a) SCE mode and (b) SCI mode. Chromaticity diagram of CIE 1976 color space at (c) SCE mode and (d) SCI mode.
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ΔC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δu0ð Þ2 þ Δv0ð Þ2

q
ð4Þ

where Δu’ and Δv’ are the difference in the coordinates. Interestingly,
the conventional polarizer exhibits a slightly reddish nature. Unlike
the reflectance intensity, the variation in the color coordinates within
either SCI mode or SCEmode was not great, therefore we presume that
all the DDLC polarizers do not show any viewing angle dependent chro-
maticity. For instance, the (0.20218, 0.47589) coordinates of the SCE re-
flection for 1wt%DDLCpolarizer shifted to (0.19565, 0.45775) in the CIE
1976 chartwhenwe take the specular reflection into consideration. This
indicates a relatively negligible chromaticity difference between
Fig. 9. (a) Measured wavelength-dependent transmittance of proposed switchable polarizer at
P- mode (black dots) and T-mode (blue triangles) are calculated at 550 nm.
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specular and diffuse reflections. The measured ΔC is smaller than
~0.03 for all the samples, which is not noticeable to human observation.
Although a slight blue shift was noticed in SCI reflectance for 2 wt% dye
sample, such little color difference exerts an imperceptive influence on
the display quality. Ultimately, the data indicate that the specular reflec-
tion does not have much chromaticity effect.

In a final step, electro-optic switching characteristics of the DDLC
polarizer were studied, which are a key property of our device. Fig. 9
(a) shows the wavelength-dependent transmission spectra of the
DDLC polarizer in both P- and T-modes. In P-mode, the DDLC polarizer,
having unidirectional ordering of dye molecules, absorbs the emitted
light propagating along its long molecular axis, but transmits the
P-mode (0 V, dotted lines) and T-modes (10 V, solid lines). (b) Relative transmittances of
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emitted light propagating perpendicular to its longmolecular axis. Each
DDLC polarizer shows different levels of selective absorption that are
governed by the dye concentration. Fig. 9(b) shows the quantitative
comparison of transmittance between our proposed polarizers and a
conventional polarizer calculated at 550 nm. The transmittance of the
conventional polarizer was limited to 43% whereas the DDLC polarizer
with 1 wt%, 1.5 wt%, and 2 wt% dye concentration exhibited 55%, 43%,
and 39%, respectively. The transmittance decreases with increasing
dye concentration, which is attributable to the possible increase in se-
lective absorption of the emitted light with increasing dye concentra-
tion. As already described in the Fig. 1(c), the P-mode is associated
with outdoor environments such as a sunny day or a bright office
room. Our proposed DDLC polarizer can perform similarly to the con-
ventional polarizer for outdoor applications. Very interesting results
can be achieved when a voltage is supplied to the DDLC polarizer, i.e.
the T-mode, which is associated with watching the display indoors
with low ambient light conditions. Particularly, at the T-mode, the per-
formance of the conventional polarizer is unaltered, but our DDLC
polarizer shows significantly increased transmittance. It exhibits trans-
mittance of 77%, 73%, and 70% for 1wt%, 1.5wt%, and 2wt% dye concen-
trations, respectively. Only a quarter of the emitted light was sacrificed
for the DDLC polarizer while more than half of the emitted light was
wasted with the conventional polarizer. The transmittance increasing
ratewas 80%, 70%, and 61% for 1wt%, 1.5wt%, and 2wt% dye concentra-
tions, respectively. Such a large increase in transmittance undoubtedly
originated from the switching of dye director fromplanar to vertical ori-
entation. In addition, 1 wt% DDLC polarizer showed a relatively good
wavelength dispersion whereas the other two polarizers of 1.5 wt%
and 2 wt% samples showed a slight decrease in transmittance at the
mid-visible spectra for P-mode. This can be significantly improved by
adjusting the cyan-magenta-yellow mixing ratio. However, it almost
vanished for T-mode due to the switching of the dye molecules into
thenon-absorbingdirection. Overall, there is a delicate balance between
the dye concentration, reflectance, and transmittance in perspective of
image quality. For instance, with a higher dye concentration, the DDLC
polarizer exhibits a low reflectance, but decreases the transmittance
whereas it is opposite for low dye concentrations. However, the DDLC
polarizer clearly has a greater advantage of achieving high transmit-
tance compared to several conventional tunable and non-tunable
polarizers [18,34,38,39]. It can refrain from the unnecessary supply of
high current to the OLEDs to increase the display emission light, so
that the lifetime of the OLEDs can be greatly improved. The disadvan-
tage is that, unfortunately, an additional set of DDLC polarizers with
driving circuits is required, which slightly increases the cost of the
device.
5. Conclusions

We have tested an electrically switchable DDLC polarizer for an
OLED display that can exhibit an optimal performance in both indoor
and outdoor conditions. Under outdoor conditions with bright ambient
light, it acts as a polarizer by selective absorption of ambient light and
thereby reduces the reflectance. In contrast, when ambient light is
dim, as for instance in many indoor environments, it can be switched
into a low absorption state to allow most of the emitted light from the
display to pass through. The proposed DDLC polarizer not only exhibits
a 96% of DOP, but also eliminates both specular and diffuse reflections of
ambient light. The DDLC polarizer increases optical efficiency up to 80%
compared to the conventional polarizer under moderate ambient light
conditions. The OLED can emit strong light without unnecessarily sup-
plying additional power to the display panel. Ultimately, the proposed
DDLC polarizer saves on power consumption and thereby improves
the lifetime of the OLEDs which is a crucial technical barrier that
needs to be overcome in current OLEDs.
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