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ABSTRACT
Proposed herein is an achromatic wide-view circular polarizer (CP) using normal dispersion films,
which can suppress the light reflection over all the polar and azimuth angles. For normal incidence,
the proposed CPwith+A/−A/+C plates shows almost zero light reflection over all the wavelengths.
For oblique incidence, the maximum reflected light of the proposed CP with +A/−A/+C plates is
approximately 68 times lower than that of a CP with a single quarter-wave plate. Moreover, because
all the films that were used had normal wavelength dispersion, they could be easily fabricated at a
relatively lowmanufacturing cost.
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1. Introduction

Organic light-emitting diode displays (OLEDs) are
emerging as a promising technology for smartphones
and televisions [1–4]. OLEDs exhibit advantages like a
true black state, vivid colors, good flexibility, and a fast
response time. In spite of all these advantages, the sun-
light readability of OLEDs is still quite limited because
of the strong reflection of the ambient light by the inner
metallic electrodes. A circular polarizer (CP) has been
commonly used in OLED display panels to suppress the
reflection of the ambient light [5–11]. A circular polar-
izer consists of a linear polarizer and a quarter-wave plate
(QWP). A linearly polarized light passed through a polar-
izer is transformed into a circularly polarized light state
while passing through the QWP. Then the light reflected
from the reflective electrode of an OLED passes through
the QWP again and becomes a linearly polarized light
whose polarization is orthogonal to the original input
beam, resulting in the elimination of the reflected light.

Although the reflected light, however, can be sup-
pressed at an optimized wavelength of 550 nm, the
light reflection at other wavelengths (e.g. red and blue)
remains very severe, as can be expected from Figure 1(a).
The polarization state of light that has passed through
the QWP depends on the wavelength because the phase
retardation is inversely proportional to the wavelength
of the incident light. Several approaches have been pro-
posed to address this problem [5–15], and the so-called
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‘wide-band CP (WB-CP)’ is widely used these days
[6,7,11–13]. In a WB-CP, the optical axis of a half-wave
plate (HWP) and a QWP are ±15 and ±75°, respec-
tively. This optical structure suppresses the reflected light
significantly because the polarization states are accumu-
lated at the S3 axis on the Poincaré sphere, as shown in
Figure 1(b). Light reflection remains, however, at the edge
regions (red and blue) of the visible range.

Moreover, a substantial amount of incident light is
reflected for oblique incidence, although this method
suppresses light reflection only for normal incidence
[8–13]. Replacing the uniaxial QWP with a biaxial QWP
will only slightly improve the acceptance angle [12,13].
The optimization of both HWP and QWP by combining
the uniaxial A and C plates will significantly widen the
acceptance angle [8–10], but their device configurations
are quite complicated.

In this paper, an achromatic wide-view circular polar-
izer using normal dispersion films is proposed to sup-
press light reflection over all the polar and azimuth
angles. Three uniaxial films with different dispersion
characteristics are used so that they can compensate for
one another’s limitations to achieve the desired achro-
matic effective phase retardation. The retardation values
can be optimized with the aid of the Poincaré sphere.
Zero or negative dispersion films are not used as they are
incidentally difficult to fabricate and are very expensive
for practical display applications.
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Figure 1. Polarization change on the Poincaré sphere of each
color (450, 550, and 650 nm wavelengths) by the (a) CP and (b)
WB-CP structures for normal incidence.

2. Optical design of an achromatic wide-view
circular polarizer

A uniaxial film with normal dispersion commonly
increases the light reflection [16–20]. In the proposed
structure, however, the strong dispersion of uniaxial films
makes the polarization states accumulate at S3 on the
Poincaré sphere so that it can be used in the opposite
way to remove the light reflection. Figure 2(a) shows
the proposed CP with a+A/−A/+C configuration using
two A plates and a C plate. When unpolarized light tra-
verses through the polarizer, it becomes linearly polar-
ized (located at point 1), as shown in Figure 2(b). As
the optic axes of the two A plates are the same but the
sign of the phase retardations is opposite, the rotations
of the polarization state caused by the A plates (on the
Poincaré sphere) proceed in opposite directions. Thus,
the wavelength dispersion is canceled by the twoA plates.
The dispersion can be effectively removed by setting the
degree of dispersion of the plates so that the first A plate
(which has a high retardation value) will have a weak
dispersion while the second A plate (which has a low
retardation value) will have a strong dispersion. Finally,
the polarization states at all the visible wavelengths are
effectively accumulated at the S3 axis (point 3).

The polarization can be changed to circular polariza-
tion by using two designedA plates for normal incidence.

Figure 2. (a) Compensation scheme of the CP with +A/−A/+C
plates. (b) Polarization change of each color (450, 550, and 650 nm
wavelengths) on the Poincaré sphere for normal incidence.

Figure 3. Polarization states of each color (450, 550, and 650 nm
wavelengths) in the CPs with (a) +A/−A and (b) +A/−A/+C
plates on the S1–S2 plane of the Poincaré sphere under oblique
incidence (θ = 70°, ϕ = 0°).

As light reflection still exists for oblique incidence, how-
ever, a positive C plate was added to solve this problem.
This positive C plate contributes phase retardation at
oblique angles so that the produced polarization is closer
to the ideal circular polarization while the performance
for normal incidence remains the same. The wavelength
dependence of the polarization change at θ = 70° in the
proposed CP configurations is shown on the Poincaré
sphere, as can be seen in Figure 3. Without a positive C
plate, the polarization will become elliptical, resulting in
light reflection.With a positiveCplate, the polarization at
all the visible wavelengths will be effectively accumulated
and will remain at S3 for oblique incidence.

To find the optimum �nd of the positive C plate for
minimum reflection over the±85° viewing cone, the iso-
luminance contours were plotted as the �nd of the C
plate gradually increased from 0 to 100 nm, as shown
in Figure 4. Increasing the �nd of the C plate reduced
the off-axis reflection. When the �nd of the C plate
was 60 nm, the reflected light was suppressed over the
entire ±85° viewing cone, as shown in Figure 4(d). The
reflected light increased, however, as the �nd of the C
plate increased to higher than 60 nm because the polar-
ization states, which are located at point 4 in Figure 3(c),
deviated from S3 on the Poincaré sphere. Therefore, the
�nd of the C plate was set to 60 nm.

The parameters of the films were set through com-
puter simulation to confirm the performance of the pro-
posed compensation scheme, as listed in Table 1. Three
uniaxial films with different dispersion characteristics,
which were reported in previous works [14,21,22], are
used. The first positive A plate has a weak wavelength
dispersion whereas the second negative A plate has a
strong wavelength dispersion. The C plate has a weak
wavelength dispersion. The conventional compensation
schemes have poor characteristics when films with nor-
mal dispersion are used. In the proposed configuration,
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Figure 4. Calculated iso-luminance contours with the �nd of the positive C plate as a parameter: (a) 0; (b) 20; (c) 40; (d) 60; (e) 80; and
(f ) 100 nm.

Table 1. Parameters of the uniaxial plates used for the proposed
structure.

�n (ne–no)

Uniaxial plates 450 nm 550 nm 650 nm
�nd [nm]
at 550 nm

Positive A plate [Ref. 14] 0.0109 0.01 0.0094 287
Negative A plate [Ref. 21] −0.0134 −0.01 −0.0072 −150
Positive C plate [Ref. 22] 0.0109 0.01 0.0095 60

however, uniaxial films with normal dispersion are used
to remove the deviation in the polarization states over all
the visible wavelengths. The retardation values and the
degree of dispersion of the films can be freely changed
and optimized under the condition mentioned above.
Moreover, zero or negative dispersion films are not used
as they are incidentally difficult to fabricate and are very
expensive for practical display applications.

3. Numerical results and discussion

The reflected light was calculated using the simulation
program ‘TechWiz LCD 1D.’ In this calculation, an ideal
polarizer was assumed, but the tendency will not change
with a real polarizer. A cold-cathode fluorescence lamp, a
broadband light source with a continuous spectrum, was
used as the light source.
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Figure 5. Reflection spectra of the CP, WB-CP, and CP with
+A/−A/+C plates for normal incidence.

To investigate the dispersion characteristics of the
optical configurations in the visible region, the reflection
spectra were calculated for normal incidence, as shown
in Figure 5. The WB-CP (red line) shows much lower
reflectance than CP (black line), and it is quite insensitive
to the 450–650 nm wavelengths. Although the WB-CP
reasonably reduces the reflection compared to the CP,
the reflected light remains, especially in the blue region.
The green line represents the reflection of the CP with
+A/−A/+C plates, which is shown as almost zero over
all the wavelengths. The average reflections in the CP,
uniaxial WB-CP, and biaxial WB-CP were 1.36, 0.0621,
and 0.0003%, respectively.

To show the compensation performance, the
reflectance over the entire range of polar angles at the
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Figure 6. Reflectance of the CP, WB-CP, and CP with +A/−A/+C
plates vs. the polar angle at the 0° azimuth angle.

azimuth angle of 0° was plotted, as shown in Figure 6.
The solid black and red lines represent the reflectance
of the CP and WB-CP structures. Strong reflection was
observed at any polar angle in both structures. When
the uniaxial plates were replaced with biaxial plates in
a WB-CP structure [12,13], the reflectance was much
smaller than the uniaxial WB-CP structure, as shown by
the dashed red line. The solid green line represents the
reflectance of the proposed CPwith a+A/−A/+C struc-
ture, which is shown as almost zero over the entire polar
angle. The maximum reflectance values in the CP, WB-
CP, biaxial WB-CP, and proposed CP with +A/−A/+C

plates were 2.92, 8.00, 1.27, and 0.043%, respectively.
The maximum reflectance in the proposed CP with
+A/−A/+C plates is approximately 68 times lower than
that in the CP structure. This will result in a low light
reflection over the entire viewing cone for the white light.

To investigate the performance of the CP with
+A/−A/+C plates, the reflectance of the CPs for antire-
flection of an OLED was calculated. Figure 7 shows the
iso-luminance contours. The maximum reflectance val-
ues in the CP, WB-CP, and biaxial WB-CP were 7.27,
13.3, and 8.47%, respectively. The CP with +A/−A/+C
plates showed the least viewing angle dependence, and
the maximum reflectance was 1.45% [Figure 7(d)]. The
reflectance in the CP with +A/−A/+C plates was even
smaller than that in the WB-CP with biaxial plates
(8.47%) [Figure 7(c)]. The better viewing angle property
of theCPwith+A/−A/+Cplates can be explained by the
polarization states on the Poincaré sphere in Figure 7(b).

4. Conclusions

Proposed herein is an achromatic wide-view circular
polarizer (CP) using normal dispersion films to sup-
press the light reflection over all the polar and azimuth

Figure 7. Calculated iso-luminance contours of the (a) CP, (b) WB-CP with uniaxial plates, (c) WB-CP with biaxial plates, and (d) CP with
+A/−A/+C plates.
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angles. For normal incidence, the proposed CP with
+A/−A/+C plates shows almost zero light reflection
over all the wavelengths by canceling the wavelength dis-
persion. For oblique incidence, themaximum reflectance
in the proposed CP with +A/−A/+C plates is approxi-
mately 68 times lower than that in the CP structure. This
will result in low light reflection over the entire view-
ing cone for the white light. Moreover, all the films that
were used had normal wavelength dispersion and could
be easily fabricated at a relatively lowmanufacturing cost.
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