A first demonstration and analysis of the biprimary color system for reflective displays
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much of the improved color performance of multilayer displays while potentially maintaining single-layer
display advantages in high resolution and faster switching. Electrophoretic pixels were operated with dual-
particle complementary-colored dispersions such as green/magenta (G/M). Using simple interdigitated
three-electrode architecture, four colored states (KWGM) were achieved with a preliminary contrast ratio
of 10: 1. Furthermore, biprimary ink dispersions were shown to be functional in a more advanced electroki-
netic pixel structure. A full-color biprimary pixel contains three complementary subpixels (G/M, B/Y, R/C), and
the requisite electrophoretic ink dispersions were also formulated and spectrally characterized in this work.
Lastly, theoretical color space mapping confirms that the biprimary concept provides twice the brightness
and twice the color fraction compared with the conventional RGBW subpixel approach, and that the biprimary
concept can approach performance close to that of magazine print (Specifications for Web-Offset Print).
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1  Introduction

Reflective displays, often referred to as ‘electronic paper’ or
e-paper, have for at least-a decade, been assumed to be-the
future technology for sunlight-readable, low-power, reduced
weight, and the preferred route to achieve flexible or rollable
displays.1 In support of this assumption, video-rate e-paper
technology is now achievable, including electrowettingz’3
and Micro Electro Mechanical Systems (MEMS) technolo-
gies.4’5 However, of the dozen or more technologies that exist,
none are able to provide bright color operation without mov-
ing toward multi-layer Cyan-Magenta-Yellow (CMY) color
generation, and therefore having to accept significant compro-
mises in switching speedﬁ’7 or pixel resolution.® ' Therefore,
faster switching speeds or higher pixel resolutions are typically
relegated to lower-performance color systems such as side-by-side
RGBW pixels, which can only display saturated color at 25% of
the display area (color fraction (CF) = 25%, see Fig, lab)."t What
is needed, and has not been yet demonstrated, is a color
system, which merges the cost, resolution, and switching
speed advantages of single-layer color-additive displays,
with the improved color performance of multi-layer color
subtractive displays.

Demonstrated here is a new biprimary color system”,
which provides a doubling of both color and brightness and
is able to do so using a highly desirable single-layer implemen-
tation. The term ‘primary’ prefixed by ‘bi’ originates from
unification of both the RGB and CMY primary color systems
inside a single pixel. As shown in Figs le-1d, each subpixel
can be dual-colored with one of the RGB primaries and its

complementary color in the CMY primaries. W is achieved
by clearing the colors, K by fully mixing them, and bright
colors such as R achieved by activating the subpixel colors that
most strongly contribute to R, for example, a display of RMY
where M and Y themselves are half-red in their spectra.

The experimental demonstration in this work utilizes
electrozphoretic pixels and two-particle two-color ink disper-
sions.'® Pixel fabrication and characterization is performed
for the G/M subpixels and the potential of inks for the other
sub-pixels (R/C, B/Y) are analyzed using reflection analysis.
With the G/M inks and simple interdigitated three-electrode
architecture, all four states of KWGM can be achieved with
contrast ratios of up to'10: 1. A more sophisticated electroki-
netic pixel structure (faster, two-electrodes) is also demon-
strated for the G/M ink. Lastly, a theoretical color-space
analysis and display simulation is provided, which visually
shows the qualitative doubling of brightness and CF as
compared with the conventional RGBW approach. The pre-
dicted biprimary performance is close to that of color-quality
standards for magazine print (Specifications for Web-Offset
Print or SWOP). Although these are preliminary results, they
confirm that biprimary pixels can be fabricated and operated
under the basic fundamentals for biprimary color.

2 Biprimary experimental demonstrations

2.1 Device fabrication

In this work, both 3 and 4 electrode in-plane electrophoretic
pixels were demonstrated, with the 3 electrode system
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FIGURE 1 — Diagrammatic representations of RGBW and biprimary color systems, along
with examples for display of the colors W, R, and C. Calculations of theoretical reflection
(%R) and color-fraction are shown in (b, d).

utilized in most of the experiments. The 3 electrode system
(Fig. 2) is simpler to fabricate and increases the maximum
optically active area, but unlike the 4 electrode system, it
requires a clearing or ‘reset’ state in between color changes.
There are two moving electrodes (ME1 and ME2) and one
gating electrode (GE), all fabricated ‘in-plane’ (on the same
substrate). With 4 electrodes, another gate GE2 could be
added adjacent to ME2 (not shown). The electrodes are made
from transparent InyO3:SnO; (ITO), patterned by wet etching
and photolithography. The test device is assembled with a
transparent top-plate, and the biprimary ink is dosed similar
to the 1-drop filling technique used in liquid crystal display
manufacturing. Once the device is assembled, the electrodes
MEL, ME2, and GE are operated individually with three-way
switches to enable 0, +32.5,—32.5VDC voltage control. When
tested in reflective mode, a rear reflector is required. For
higher resolution pixels and to minimize light-outcoupling

losses'® the rear reflector should be as close to the pixels as
possible but also separated from the pixels by a low-refractive
index layer or air-gap. In this work, the rear reflectors were
fabricated by coating a 25-um thick polyethelene sheet with
light-scattering (diffusing) barium sulfate powder (BaSO,),
mixing with a small amount of organic binder, and placing that
sheet on the top of a 99.8% reflective 3-M Vikuiti™ Enhanced
Specular reflector (ESR)film.

The dual particle ink dispersions, based on dyed polymer
microparticles12 used in the device are a key enabling material
for the biprimary color system. It has been demonstrated by
Merck (known as EMD in North America) that the particle
design, color, size, charge, and surface functionality can be
independently tailored with the use of suitable dyes to realize
any combination of two colored particles including those from
the subset of RGBCMY. Particle synthesis enables covalent
combination of dye, charging components (of either sign)
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FIGURE 2 — (a) Characterization device layout and (b) Device operation
for W, G, and M states.

and a steric stabilizing surface modification. By controlling
the synthetic conditions, size is accurately controlled, to
yield dispersions in hydrocarbon oils. The particle sizes typically
range from 60-1000 nm, and in this work, the green particles
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are negatively charged, whereas the magenta particles are pos-
itively charged. Electrophoretic mobilities for the particles were
measured and reported in a later section of this paper.

2.2 Operation

In-plane electrophoretic displays work on the principle of using
an electric field to move charged pigment particles towards or
away from the viewable area in each pixel (colorant transposi-
tion). The operation of the biprimary color dispersions are
illustrated in Fig. 2 and photographs of K, W, G, and M states
are provided in Fig. 3. Using pulse-width modulation of particle
spreading or other techniques, grayscale can be achieved' but
was not demonstrated in this work. In this work, each of the
colored states was achieved using fully colored or cleared states.
The voltage sequences were as follows:

Black state (K): Firstly, the pigments are all compacted onto
electrodes by setting ME1=+432.5V and ME2=-325V
(with a net potential difference of 65 V) and GE=+32.5 V. Next,
all the electrode polarities are reversed for a duration of ~7s to
spread the pigment particles (incomplete movement across the

FIGURE 3 — Photographs of demonstrated K/W/G/M states.



pixel) then voltages are removed allowing the particles to remain
in a fully mixed (black) state.

White state (W): Next, the voltage is applied as shown in
Fig. 2b with ME1=-32.5V, ME2=+432.5V, GE=-32.5V,
and the pigments are compacted onto the electrodes, revealing
the white reflector at the background.

Green state (G): After obtaining W, voltages are set as
ME1=-32.5V, ME2=-32.5V, and the GE electrode is
switched to +32.5V, which (1) confines the M pigment
compacted on MEL; and (2) spreads the G pigment across the
viewable area. After ~10s, the G spread state is achieved, and
the voltage between ME1 and GE is then set to a value of
10V to sustain M compaction on MEI1, and 0V between GE
and ME2 to sustain the spread of G pigment.

Magenta state (M): M is obtained by again first setting the
W state, and using the opposite polarities as were described
earlier for setting the G state.

The diffused spectral reflectance data of these states were
measured and are plotted in Fig. 4. Biprimary switching
behavior is seen in the plots, but is also non-ideal in spectral per-
formance as the G pigment does not fully suppress M reflection
and M pigment likewise does not fully suppress Gireflection.
These particle dispersions utilize typical dyed polymer micro-
particles from Merck and are not optimized for biprimary
operation. Therefore, improvements in maximum reflection,
color reflection, and in black states are all expected in future
work (discussed in greater detail in Section 3.1).

50 um distance, and the electrophoretic mobility constant
() is calculated using the common formula:

Where v is the velocity of the particles and E is the applied
electric field. The plot in Fig. 5 shows the trend of electropho-
retic mobility of both the green and magenta particles. Two
important observations can be made. Firstly, the average
mobilities are in the range of 3 to 6 x 1075 em?/V=s range,
which is an order of magnitude lower than the best
electrophoretic dispersions in existing commercial products.
Achieving mid 10~ em®V-s mobilities, which is 10 times the cal-
culated mobility value, and small electrode spacings (~tens of pm)
is essential if near-video speed switching is to be achieved
(tens of ms). Secondly, as can be seen in Fig. 5, the velocity
of the particles is not constant, and therefore the apparent
mobility changes. The apparent mobility decreases as parti-
cles get closer to their final destination electrode, implying
that the particles provide some repulsive force as they
accumulate and start to internally screen the applied electric
field.'? This effect is important, because when scaling the
pixels to higher resolutions, the switching speeds will be
slower than that predicted by the maximum mobility. Based
on the data in Fig. 5, with each 50 pm distance decrease in
electrode pitch, there is roughly a reduction of ~20% in the
electrophoretic mobility.

2.3 Electrophoretic mobility and speed

Electrophoretic mobility for the dual-particle green-magenta
dispersion ink was tested in a simple two interdigitated
electrode test cell (ME1 and ME2 only; no GE, Fig. 2). These
electrodes are 20pum wide and were spaced at 300 pm
distance from each other, and the applied voltage was 70V.
The apparent electrophoretic mobility of the particles was
then calculated using Tmage] analysis of video of the moving
particles. The speed of the particles was measured every
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FIGURE 4 — Reflection spectra obtained in the device for K, W, G, and M
modes of Figs 2 and 3.

2.4  Electrokinetic pixel demonstration

The green-magenta dual particle dispersion was also tested in an
electrokinetic device (EKD) structure provided by Hewlett-
Packard (HP) Corp.g_10 The device cross-sectional structure is
illustrated in Fig. 6. The bottom plate of the device assembly
consists of a sheet Indium Tin Oxide (ITO) electrode, onto
which hexagonal pixel structures are formed. The regular hexa-
gonal pixels have an array of pits. The top plate is a transparent
glass plate with a whole area ITO coating, kept at a channel
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FIGURE 5 — Plot of Electrophoretic mobility versus distance traveled by
color particles between electrodes.
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FIGURE 6 — (a) SEM of HP’s electrokinetic device structure. (b,c) Side-

view diagrams and top-view photographs of device operation in green 20
and magenta states.
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(a) Reflection spectrum of all the three biprimary combination inks

80 i i i i i
1 1 1 1 1
e NSNS SN N -
i i i i |
1 1 1 1 ]
) B e e T
1 1 1 1 1
o 50f---mmm- I e ~----- Blue-Yellow ——
2 i i i
[$] 1 1 1
5 O e p S A/
x i i i
= 30}---mmm-- et Fonmmm- T EEEEEREE Y S
1 1
1 1
________ [
i
1

400 450 500 550 600 650 700
Wavelength(nm)

(b) Intensity of all the three biprimary combinations
40

36 |--------

30 }--------

N
[&)]

%R x(Im/W)
N
o

-
[$)]

(9]

<

D -

i i Sty et iy i Rty e

______________ jan-red.
i
1
C[0] EE— - S R
i
1
1
O e
1
i
0 —
400 450 500 550 600 650 700

Wavelength(nm)

FIGURE 8 — (a) Comparison between reflection spectra of the K states of
C-R, B-Y, G-M inks and, (b) Luminous reflectivity (%R x1m/w) of those
same inks.

movement of the pigment particles. The electrokinetic effect
can hence be called a hybrid between in-plane and vertical
electrophoretic effects.

The electrokinetic device was driven with 20 V. Less voltage
is needed compared with the in-plane electrode devices (Figs 2
and 3) because the distance between the electrodes is >10x
smaller. Two colored states were demonstrated as follows.

Green state (G): To obtain G, the bottom plate is switched
to —10V, and the top plate set to +10V, which pulls the M
pigment down and compacts it in the micropits, and which pulls
up and spreads the G pigment.

Magenta state (M): To display M, the bottom plate is
switched to +10V, and top plate switched to —10V, which
compacts the G pigment and spreads the M pigment.

The switching time of the dual-particle dual-color disper-
sions in the EKD pixels was found to be ~700ms, which
compares well to the HP’s single-color ink, which switches
<500 ms. The color performance is lacking, as the dispersions
are not yet optimized for EKD operation. These results do
show that biprimary EKD operation is possible. However,
for color grayscale to be achieved, a gating electrode will
need to be added to the pixel structure. There could be some
applications that do not require a gating electrode. For
example, consider a blue-yellow dispersion utilized for simple

(a) Theoretical

b*

S,

FIGURE 9 — (a) Theoretical plot of biprimary versus RGBW, (b) ‘Experimental’
plot of biprimary versus RGBW. The % area of Specifications for Web-Off-
set Print covered by biprimary and RGBW is calculated and added in each
plot in the parenthesis.
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FIGURE 10 — (a) Drawings of biprimary pixels and (b) RGBW pixels. All pixels include
20% pixel dead area. The blurred images shown at right are to simulate visible appearance
and color-perception at a distance by the naked eye.

signage, and capable of displaying blue, yellow, or black,
using only a single pixel structure and only two electrode
contacts per pixel.

3 Biprimary color-space predictions

3.1 Predicted spectra for full color operation

In this work, G/M pixels were fully characterized, and other
dual-particle dual-color dispersions also are available to
satisfy the remaining C/R and B/Y sub-pixels in a biprimary
display. These particles have similar mobilities, so the
performance parameter of greatest interest is their spectral
performance: if the spectral transmittance of the pigments
is known, then the reflectance of the display is the product
of the white background reflectance and the pigment
transmittance squared.

Figure 7 lists the reflection spectrum data (specular excluded)
for each biprimary combination. In each plot, the two colors are
measured for their reflection individually in a 50 pm channel
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between two glass slides, and the K state is obtained by calculat-
ing the reflection of the combined state using the following
equation where X and X are the two complementary colors,

PR =700

Again, the particles are not optimized for biprimary opera-
tion and the maximum reflection values are below what is
theoretically possible due to the spectral absorbance of the
pigments, spatial distribution of the pigments and the total
internal reflection at the display surface.

Of particular interest in the spectral data is the black state.
Strong black inks that are not based on carbon-black typically
require five or more colorants (dyes, pigments) to achieve
uniform light absorption across the visible spectrum. There-
fore, as expected and as can be seen in Fig. 7, there are small
portions of the reflection spectrum, which limit the black state
for the preliminary two-colored particle dispersions of this
work. Figure 8 provides a comparative analysis of the



theoretical K states of all the three biprimary pairs (C/R, M/G,
B/Y), and their luminous reflectivity’ obtained by multiplying
the %R with the phototopic lumen/watt equivalent for each
vvavelength.16 This is a better measure than just raw-reflectivity
and reveals that the blue-yellow dispersion would exhibit the
poorest black-state as perceived in terms of brightness by the
human-eye.

3.2 Color space comparison: biprimary versus
RGBW

Figure 1 explains the theoretical color fraction (CF) and reflec-
tance of W, R, and C and also demonstrates the sub-pixel colors
for each color compared with the RGBW. As calculated in Fig. 1,
the biprimary colors theoretically boost the reflectance and the
CF by approximately a factor of 2. CF is a simple term for use
in comparing color systems.] A more colorimetric comparison
is provided in the plot in Fig. 9 showing a 2D a*b* plot for the
artificial pixel layouts provided in Fig. 10. For each color shown
in Fig. 10a, a zoom-in inset diagram is shown for the three sub-
pixels comprising a single biprimary color pixel. It is important
to note that the artificial pixel layouts in Fig. 10a include black
space amounting to 20% of the area, in order to mimic a reason-
able fill factor for a real pixel: The pixels in Fig. 10 are provided
in as drawn form and also provided in blurred format (Adobe
Photoshop, Gaussian Blurr 9.0) to mimic visual appearance at
a normal viewing distance. Figure 10b also shows RGBW pixels
for comparison.

Firstly, for the data in Fig. 9a, the theoretical La*b* data
points were directly extracted from the digital image files of
Fig. 10 using digital color meter. The gamut area has been
calculated for SWOP, biprimary, and RGBW for both the plots
using the following equation”:

1 * * * *
A:§|(“1_‘12)(b1 +b;)

+ (a5 — a3)(by +b3) ... (ag — ay) (bg +by) |

As can be seen, and also from the numerical caleulation, the the-
oretical performance is ~33% of the SWOP area for the biprimary,
whereas the RGBW is found to be 4.5% of the SWOP area.

The blurred pixels were also used to generate ‘experimen-
tal data” in Fig. 9b, as follows. Blurred pixels were printed
with a HP Color Laserjet CP4525 color printer, onto general
white printer paper (80% reflectivity). This provided an exam-
ple of color-optimized pigments, which at some point could
also be duplicated in biprimary pixels. This example also used
a conventional reflector of only 80%, and more sophisticated
gain reflectors'® could boost the performance even further.
The printed pixels were then measured using a Minolta CS-
100A colorimeter and a Dgs illuminant. Although this
‘experimentally’ measured color-space is reduced from the
theoretical one, it still comprises a larger fraction of the
SWOP color space than the RGBW, and the superiority to
RGBW color is also clear.

4 Conclusion

We have successfully demonstrated here the use of a
biprimary color system with G/M dual particle dispersions
in both an in-plane electrophoretic pixel and in an EKD
pixel architecture. The results are preliminary, with the
main areas of future development being creation of ink
dispersions optimized for biprimary operation. Theoretical
color-space analysis was also performed, and reveals the
potential improvement to be realized as compared with
conventional RGBW operation. The results are commer-
cially compelling, as they are achieved with a single-layer
technology capable of combining manufacturability, excel-
lent color performance, and potential for high resolution
and faster switching speeds.
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