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ITO-Free, Compact, Color Liquid Crystal Devices Using
Integrated Structural Color Filters and Graphene Electrodes

Jinbao Guo, Chad M. Huard, Yang Yang, Young Jae Shin, Kyu-Tae Lee, and L. Jay Guo*

Liquid crystal display (LCD) technology currently dominates
the display market, and is by far the largest user of the trans-
parent electrode material indium tin oxide (ITO). ITO is cur-
rently the standard transparent electrode used in nearly all
electric and optical devices. However, the use of ITO as a trans-
parent electrode has certain limitations, mainly resulting from
increased costs due to the increasing scarcity of indium, brittle-
ness, chemical instability, and a non-uniform absorption across
the visible spectrum.[!l Recent developments in nanotechnology
have opened up an effective strategy to develop new transparent
conductive materials, such as graphene, metallic nanostruc-
tures, carbon nanotubes and so on.?®) Among these options,
graphene is a particularly promising material for transparent
electrodes in electronic devices due to its high carrier mobility,
high transparency and excellent mechanical flexibility,”1?
Currently methods for fabricating high-quality, large-area
graphene by chemical vapor deposition (CVD) have acceler-
ated its practical applications for replacing ITO as transparent
electrodes.['>17]

Meanwhile, LCD technologies are faced with a popular trend
to get thinner, lighter weight, and more energy efficiency. An
effective strategy towards advancing LCD technologies is to
integrate multiple functionalities into the each of the compo-
nents of the LC system and reduce the number of element
layers. Among the several possible uses of nanotechnology in
LCDs, the development of structural color filters for display
applications is very promising.'®1! For example, besides the
essential color filtering effect, the top and bottom metal layers
of a metal-dielectric-metal (MDM) Fabry—Perot (F-P) cavity
filter can be used as electrodes, replacing one layer of ITO in
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the LCD structure and leading to compact LC devices with
thickness scales that are smaller than those currently used.

In this communication, we demonstrate an ITO-free and
more compact color LCD structure. The key to our design is the
integration of a structural color filter and a graphene electrode
to control the LC orientation, thereby eliminating two layers
of ITO from the currently dominant LCD design. Figure 1a
presents the schematic diagram of the conventional twisted-
nematic (IN)-LCs device using ITO electrodes and dye-based
color filters. Specifically, 90° TN-LCs devices were fabricated in
this study. Note that the principle can also be applied to other
LCD modes, such as super TN, in-plane switching, advanced
fringe field switching and vertically alignment devices.
Figure 1b shows the ITO-free hybrid LCs device structure, in
which single-layer graphene is used as the back electrode and
a MDM F-P cavity color filter replaces both the front ITO elec-
trode and the dye-based color filters. The F-P cavity is capable
of filtering white light into individual colors across the entire
visible spectrum by choosing the appropriate dielectric layer
thickness. Compared with the conventional LCD device, F-P
MDM cavity filter used here are much more stable than the
traditional colored dyes/pigments used today.?-26] Meanwhile,
this new design significantly improves pass bandwidth and
compactness while eliminating two layers of ITO.

Our MDM based color filters have several advantages over
the traditional chemical dye-based filter. Current chemical dye-
based filters have a relatively low efficiency in utilizing the
incident light because each R, G, B filter only passes about 1/3
of the incident light energy. This low efficiency impacts the
image brightness and the power consumption of the display.
While the traditional chemical dye based color filters operate by
absorption of stopband wavelengths, our MDM-based filter is
based on an optical resonance effect, where a selected color of
light is transmitted and other colors are reflected. It has previ-
ously been shown that this reflected light can be recycled within
the display structure, thereby increasing the energy efficiency of
the display.['8:19:23-26]

Here the F-P cavity filter is formed by a Ag/poly(methyl
methacrylate) (PMMA, n ~ 1.48)/Ag three-layer structure,
which is fabricated by a simple thin-film deposition and solu-
tion process method. Figure 2a shows the basic structure of the
MDM three-layer F-P cavity filter, where the thickness of the
bottom and top Ag layers are both 25 nm and the thickness of
PMMA is chosen to be 100 nm, 130 nm, and 160 nm to obtain
the transmission of B, G, and R colors respectively. A cross-sec-
tional scanning electron microscope (SEM) image of a prepared
green color filter is displayed in Figure S1, with the measured
thickness of each region shown to be in reasonable agreement
with the nominal design value. To demonstrate that the color
filtering effect is a result of the F—P cavity resonance, and the

wileyonlinelibrary.com 435

o
o
3
3
G
-
o
-
o
=



http://doi.wiley.com/10.1002/adom.201300525

z
o
<
=
=
5
=
=
(*]
9

436

ADVANCED
OPTICAL M“\"‘
MATERIALS \Jie'S

www.advopticalmat.de

www.MaterialsViews.com

Standard LC device ITO free LC device

Unpolarized Unpolarized
White Light ) White Light
Polarizer &

Polarizer
;1 Glass Substrate ;1 Glass Substrate
ITO Film L Graphene Electrode L

~— Orientation Film "~ Orientation Film

/ .
Liquid Crystal L / Liquid Crystal
/.

ey
= z
=\ -
= /l
= —

~1 Orientation Film
~ Color Filter

~1 Orientation Film

“1F-P Cavity Filter
ITO Film L (sitver EI:{Imde)
Glass Substrate L__

Polarizer L

Glass Substrate
Polarizer L

(b)

Figure 1. Schematic illustration of 90° TN-LCs devices based on (a) the conventional ITO electrodes and (b) the graphene back electrode and the Ag
front electrode from the F—P cavity filter.
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Figure 2. (a) The basic framework of MDM and MDMD F-P cavity filters with RGB colors; (b) measured transmission spectra of MDM with different
thickness for the PMMA dielectric layers; (c) the corresponding optical images for RGB color filters; (d) simulated transmission spectra of the MDM
and MDMD F-P cavity filters with RGB colors; and (e) simulated angular-dependence of MDM and MDMD F-P cavity filters with RGB colors.
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electric field distribution at the maximum transmission band
of the blue color filter is shown in Figure $2.>%¢ Figure 2b
shows the measured transmission spectra of three MDM F-P
filters with different thickness for the PMMA dielectric layers to
produce blue, green and red colors, with measured peak trans-
mission wavelengths of 450 nm, 538 nm, and 628 nm for blue,
green and red filters respectively. The peak transmission ampli-
tude of around 50% can be achieved in all three colors, and the
bandwidth of each transmission peak is about 100 nm, which is
desirable for LCD applications. Figure 2c shows optical images
of each of the RGB color filters.

While our results clearly show that the filtering effect of our
devices stems from the optical resonance of the MDM struc-
ture, when considering the optical properties of a practical LC
device structure, we must also look at the effect of the align-
ment layer on our color filter. In our device, a polyvinyl alcohol
(PVA) layer must be added on top of the MDM color filter to
act as an orientation layer for the LCs cell. This additional layer
transforms our MDM structure to a MDMD structure as shown
in Figure 2a. We used COMSOL multiphysics to simulate the
performance of our structure, without and with the PVA layer,
to explore the differences between the MDM and MDMD struc-
tures. The dielectric constant of Ag is taken from the previous
paper and fitted by linear interpolation.?”] From the simulated
results, shown in Figure 2d, it can be seen that the PVA layer
(the thickness of is 80 nm, n ~ 1.52) serves to significantly
increase the transmission intensity. Comparing our measured
results to the simulation, we see an excellent match in the main
features of the transmission curve, with a slightly lower peak
transmission for the fabricated devices. We believe this discrep-
ancy is due to the stronger absorption loss of deposited Ag and
possible non-uniformity of the PMMA layer.

In addition to the peak transmission we also used sim-
ulation and measurements to investigate the angular-
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dependence of the optical properties of our color filter, both
with and without the alignment layer. Simulation of the
angular-dependence of the transmission, shown in Figure
2e, clearly shows that the PVA layer in MDMD structure can
help to minimize the angular-dependence of the F-P cavity
structure. As a representative example, Figure 3a shows the
simulation and experiment results of the wavelength varia-
tion (AA/Ay) with different incident angles for the MDM and
MDMD structure of green color filter. We can clearly see from
Figure 3a that the device with a MDMD has the better per-
formance in minimizing angular-dependent resonant wave-
length variation. For example, in the MDMD structure, when
the incident angle approaches 70° the variation of the reso-
nant wavelength (AA,/A) is less than 8.5% (for A, = 545 nm at
normal incidence, the variation AA, at 70° is ~45 nm). Mean-
while, the variation AA, of the MDM structure filter at 70° is
significantly larger at 60 nm (AA/Ay = 11%). To confirm the
simulated results, transmission spectra were measured from
the fabricated samples with angles of 20°, 40°, and 60°. These
measurements were taken using a conventional fiber optic
spectrometer with an accurate control of the incident angle
for the samples. The colored dots in Figure 3a represent the
measured A, with each measurement agreeing well with the
simulation results for the MDM and MDMD structure of the
green color filters.

To gain a better understanding of how each design para-
meter affects the angular-dependence of our filter perfor-
mance, we can use a standard F-P cavity theory to model the
device analytically. As shown in Figure 3b, the cavity length is
d, the refractive index of the dielectric layer is n and the inci-
dent angle from air and refraction angle into dielectric layer
is 0; and 0,, respectively. To simplify the model, the absorp-
tion and the material dispersion in the system are neglected,
but they do not affect the conclusions. Based on the optics

relation, the transmittance Typ of the F-P

Ri R cavity filter can be approximated as:1?®!

(1-R)’

Top=—— )
14+ R*=2Rcoss

1)

where R is the reflection coefficient of the Ag
film, the phase shift (§) is the shift experi-
Ti *T2  enced between the directly transmitted light
Transmitted light (T)) and the light which is transmitted after
one roundtrip in the cavity (T,), which is
given by:

4m-n-d

5=T~c0592 ()

From Equations (1) and (2), the transmis-
sion maximum occurs at the resonant wave-
T, length A, when the phase difference & = 2m.
Here we only consider the case of m =1
because the rest of the resonance modes are

T
Transmitted light

Figure 3. (a) Simulation (curve) and experiment (color dot) results of MDM and MDMD struc-
tures for green color filters on the resonant wavelength variation as a function of incident
angles. Here PMMA (n ~ 1.48) and PVA (n ~ 1.52) as materials for the dielectric cavity and
top dielectric layer, respectively. (b,c) Schematic of the F—P cavity structure without and with
the top dielectric layer, respectively. The incident and refractive angle is 6; and 6,, respectively.
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sufficiently separated from it to be located in
the near infrared band. According to Snell's
law, sin@; = n-sinb,, so we can get the reso-
nance condition as A, = 2d/n* —sin’6,. Then
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the variation of the resonant wavelength with incident angle 6,
can be calculated as

2d-sin B - cos 6, _ d-sin26;
Jn?—sin26;  \n?—sin?6,

|A/l, /A91| =

G)

Equation (3) shows that the variation of the resonant wave-
length is almost inversely proportional to the refractive index of
the dielectric layer from Equation (3). This indicates that a high-
index dielectric cavity layer (such as titanium dioxide) can lead
to color filters with a smaller angular-dependence. In this proof-
of-principle experiment, we used the PMMA due to the facile
solution-process fabrication. In addition, it should be noted that,
when using a polymer dielectric, the color filter array (pixel) for
RGB colors can be fabricated by using nanoimprinting tech-
nology, where PMMA layer is imprinted with a step-like mold
of three different depths, forming the RGB colors. On the other
hand, as shown in Figure 3¢, adding a dielectric layer with a
refractive index larger than air reduces the incident angle to the
MDM cavity, which can further improve the angle-insensitive
behavior according to Equation (3). This result confirms our
simulation, and gives an intuitive reason why the PVA layer can
improve the angle-independence of the MDM structure.

To compliment our ITO-free front electrode and color filter,
we chose to use graphene for the back electrode due to its high
transparancy/resistivity ratio, abundant raw materials and ease
of scaling.”1%1 Previously an electric field-induced Fréeder-
icksz transition was observed in an optical microscope when
N-LCs were sandwiched either between a small graphene sheet
and a glass substrate coated with ITO.2! After that, graphene
layers from the thermal reduction of graphene oxide film were
demonstrated to drive N-LC.B%3U However, although graphene
is expected to become a promising transparent electrode for
LCDs, the performance of LC devices based on graphene elec-
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trodes still face many challenges. Among these challenges, large
area, high quality and uniformity of the graphene film each play
important limiting roles for display application. As mentioned
above, CVD techniques can fabricate layer-controlled graphene
sheets over large areas using metal catalyst substrates.*-17]
In this study, graphene fabrication process includes CVD syn-
thesis, coating of graphene with PMMA, copper etching, trans-
ferring, drying, and removing of the polymer layer, which is
very similar to that of the previous report.'”! The fabrication
process was optimized to achieve high-quality, single layer gra-
phene. Graphene was grown on 99.999% pure copper foil at
1000 °C for 10 min, with growth pressure of 100 Torr, CH, flow
rate of 10 sccm. A detailed fabrication process is described in
the experimental section. Figure 4a shows photographic image
of a single-layer graphene film (1.5 cm x 1.5 cm) transferred
onto a fused silica (SiO,) substrate. As shown in Figure 4b, a
typical optical microscope image of the transferred single-layer
film shows almost no color or optical density variation except
for the edge region, in which the graphene and SiO, regions
are labeled.

To determine the quality of the graphene film we conducted
Raman spectroscopy, morphological studies and electrical
measurements. Morphological images of the CVD graphene
were taken using SEM and atomic force microscopy (AFM).
Both the SEM (Figure 4c) and AFM (Figure 4d) show uniform
and clean graphene sheet, with some wrinkles that is one of
typical characteristics of the CVD growth and polymer assisted
transfer process.l'’” Raman spectroscopy measurements con-
firms that our graphene is single layer, and has a relatively low
defect density. Figure 4e shows the Raman spectra of the gra-
phene used in this study, including two characteristic peaks,
the G band at 1589 cm™! and the 2D band (~2644 cm™).32I The
defect-related D-band of the single-layer graphene (1324 cm™),
which is caused by the breathing mode of sp? atoms and is
activated by the existence of defects, is small in our samples.

Tum
10.0KV.10.0mm L-x70,0k e———

Intensity (a.u.)

oo 1 Height wi

L
1500 2000 2500
Raman Shift (cm™)

Figure 4. (a) Photographic image of a single-layer graphene film; (b) optical microscope image of single-layer graphene film; (c,d) SEM and AFM
images of the single-layer graphene film, and; (e) Raman spectra of the single-layer graphene film.
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Figure 5. (a) Switching characteristic of 90° TN-LCs device; (b) photographic images of the LC device between the 'blue’ deactivated state without
voltage (left) and the "black’ activated state when applied for 5 V, ;s (right), and; (c) transmittance intensity of the LC devices (a: ITO-free LC device

and b: Control ITO-based LC device) as a function of the driving voltage.

Additionally, a symmetric 2D band centered at 2644 cm™ has a
full width at half maximum (FWHM) of 39 cm™, and the cor-
responding intensity ratio of I,p/Ig is approximately 1.73 as
shown in the inset image of Figure 4e. All of these Raman spec-
troscopy results suggest that the high-quality single-layer gra-
phene was achieved as reported in the previous literatures.'”-3%]
The sheet resistance of our graphene samples was measured to
be between 800-1200 Q/square using both four-point van der
Pauw and transmission line techniques, which is similar with
that of the previous reports.!'4l

In order to evaluate the effectiveness of the MDM electrode/
filter and graphene back electrode we fabricated complete LC
device structures as shown schematically in Figure 1b. To fab-
ricate the structure, we first fabricated the graphene electrode
and F-P cavity filter on glass substrates. Contacts (5/50 nm Ti/
Au) were deposited one edge of the graphene film to facilitate
connection to test equipment. The graphene-electrode and F-P
cavity filter were then coated with a thin PVA (80 nm), and
physically rubbed in perpendicular directions to act as an orien-
tation layer and induce a 90° twisted TN cell. The two glass sub-
strates were seperated by 6 um using polystyrene bead spacers,
and capillary-filled with N-LC material. The LC material used
in this study was Slichem SLC-1717 LC, which has a birefrin-
gence (An = ne-no) of 0.201. The final device, as tested, can
be seen in Figure 5b. For comparison, a control TN-LC device
(ITO-based LC device), consisting of a back ITO electrode and
front F-P cavity filter on two glass substrates, was also prepared
(Figure S3). Both of these two TN-mode LC devices were fab-
ricated in normally white mode, where the outer surfaces of
the glass substrates are laminated with polarizers (supplied by
American Polarizers, Inc.) having their transmission direction
parallel to the respective rubbing direction of the PVA film on
the corresponding glass substrate.

By comparing the measured switching characteristics of our
ITO-free LC device with the control LC device, we find that there
is no degradation in performance, demonstrating the poten-
tial of our ITO-free design. In the initial state, without applied
voltage, the blue color of the ITO-free device can be clearly seen
in Figure 5b (left). When a voltage of 5.0 V,,,; was applied the
LC molecules are aligned parallel to the electric field, as shown

Adv. Optical Mater. 2014, 2, 435-441
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schematically in Figure 5a, the pixel on the graphene electrode
region transform to the black state uniformly, while the other
areas still kept blue color state as shown in Figure 5b (right).
What's more, the LC cell can be reversibly switched between
a blue color state and a black state in the graphene electrode
area by controlling the applied voltage, as demonstrated in a
video file (see Supporting Information Movel). The intensity
change of the LC device at the maximum transmittance band
(448 nm) was measured by using a spectrometer as a function
of applied voltage. Figure 5c shows transmitted intensity versus
applied voltage (f = 1 kHz) for the ITO-free LC device and the
control ITO-based LC device. The threshold voltage (defined as
the voltage at which a transmittance of 90% is obtained) of the
ITO-free LC device is measured at 1.20 V,,, and the transmit-
tance is saturated at 2.65 Vs (defined as the voltage at which
a transmittance of 10% is obtained). Comparing this result to
the electric-optical curve of the control ITO-based LC device as
shown in Figure 5c and Figure S3 (threshold voltage is 1.15 V,
and the saturated voltage is 2.55 V,,,,s), we can see there is no
increase of the switching voltages in the graphene-based LC
device.

Our experimental results demonstrate that, despite our gra-
phene’s higher sheet resistance than ITO, there is no observ-
able degradation in performance in this ITO-free device under
our experimental conditions. This result may have several
explanations. First, considering that the electro-optic switching
performance of the device is determined mainly by the proper
alignment of LC and the LC ability to respond to a potential
difference between the top and bottom electrodes, we expect
that the difference in sheet-resistance will have small impact
on switching performance at frequencies that are of interest for
display technology.>¥! For future active matrix LCD displays, as
long as the graphene electrode size is small (determined by the
pixel size) and controlled by an active transistor, the switching
speed of the pixel should not be limited by the sheet resist-
ance of the graphene layer. Second, any defects in the graphene
(tears, pinholes, polymer residue) are expected to be small com-
pared to the thickness of the alignment layer, and negligible
compared to the thickness of the LC layer. From this perspective
we think that any non-uniformity of the LC alignment will be
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minimal, and may be minimized further by alignment to the
fringing fields at the defects. Finally, we note that if these issues
do become significant in more practical devices or operating
conditions, the quality of our graphene electrode is limited by
our prototyping technology, and does not represent the peak
possible performance of graphene electrodes. Defect density
could be reduced by newly developed transfer techniques, and
sheet resistance could be improved by doping or integration of
metal nanostructures.>>=3% It should also be noted that though
this work uses a simple one-pixel ITO-free LC device to show
the switching effect, it is not difficult to achieve multi-pixel LC
device by patterning the back graphene electrode or the front
F-P cavity filter. Active matrix LC devices are also possible by
combining the graphene electrode with a transistor (possibly
also graphene based) array for practical LCD applications.

In summary, we demonstrated a compact, ITO-free LC
device by using a dual-function MDM F-P cavity both as a color
filter and an electrode, together with a graphene back electrode
to control LC switching. The transmission intensity and the
angular-dependence of the F-P filters were measured and ana-
lyzed. The fabricated compact color LC device exhibits similar
switching performance compared to the control TN-LC device
by using an ITO electrode, but with a more compact and eco-
nomical design. This work shows the potential to use the multi-
functional nanostructures for future ITO-free LCs applications.

Experimental Section

Fabrication of MDM F-P Cavity Filter: First a layer of Ag with a
thickness of 25 nm was coated glass substrate using physical vapor
deposition (PVD) sputtering (Lab 18-2) method. Next a PMMA film
of 100 nm, 130 nm, and 160 nm thickness was subsequently made by
spin coating method, in which the PMMA 950A2 solution (Microchem,
the coating rate: 1600 rpm) was used to obtain 100 nm dielectric layer
and PMMA 950A3 solution (the coating rate: 4250 and 2750 rpm)
was utilized to achieve dielectric layers with 130 nm and 160 nm,
respectively. Finally, a Ag film of the 25 nm thickness as the top metal
layer was deposited, again by PVD. The layer thickness of every layer was
determined by Dektak 6 M Surface Profilometer.

Preparation of Graphene onto the Glass Substrates: 25 mm thick copper
foil (99.999%, Alfa Aesar Puratronic) was loaded into an inner quartz
tube inside a 2 inch horizontal tube quartz lamp heated, rapid CVD
system (Angstrom Engineering). The system was purged with argon gas
and evacuated to a vacuum <10 mTorr. The sample was then heated to
1000 °C in H; (25 sccm) and Ar (500 sccm) environment with a vacuum
level of 100 Torr. The sample is annealed for 30 min at 1000 °C, then
10 sccm of CH, is flowed for 10 minutes with H, (2 sccm) and Ar
(500 sccm). The sample is then cooled rapidly to room temperature.
After the CVD synthesis, one side of the copper sample with single-layer
graphene is coated with 950PMMA A9 (Microchem) resist and cured at
room temperature for 1 h. The other side of the sample is exposed to O,
plasma for 30 s to remove the graphene on that side. The sample is then
left in ferric chloride copper etchant (DalPro) solution for at least 1 h
to completely dissolve away the copper layer. The sample is transferred
onto a glass substrate. The PMMA coating is removed with acetone and
the substrate is rinsed with deionized water several times.

Fabrication of TN-LC Cell: In this study, SLC-1717 (20 °C, 589 nm, An
= 0.201; Slichem LC Material of China) was used as the bulk N-LCs. In
order to induce orientation of LC molecules, the inner surfaces of Ag/
PMMA/Ag and graphene layer were coated with a 3.0 wt% PVA aqueous
solution, respectively. The deposited film was pre-baked at 90.0 °C for
1.0 min and then oven baked at 120 °C for about 1.5 h. The PVA layer

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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was subsequently rubbed with a textile cloth under a pressure of 2.0 g/
cm? along one direction. Next, the two glass substrates were kept apart
using spacer of 6 um PS beads as spacers, and were then bonded
together with PVA glue, making sure the rubbing directions of the top
and bottom layer on the glass substrate are perpendicular to induce 90°
rotation of the LC.

Measurements: SEM imaging was performed using a JEOL JSM-840
SEM; AFM measure was carried out by using NanoMan AFM. Optical
microscope images were obtained by Nikon Eclipse Lv150 microscope.
Transmission was measured using an HR4000CG spectrometer (Ocean
Optics, Inc., Dunedin, FL, USA) and a Avalight-HAL light, (also Ocean
Optics); The electric field is applied to the cells using a function
generator (AFG3107, Tektronix). The sheet resistance was measured by
four point probe method (Miller FPP-5000 4-Point Probe).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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