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tion and the second polarization are orthogonal polarization
components of the light.
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POLARIZING PHOTOVOLTAIC DEVICES AND APPLICATIONS IN LCD
DISPLAYS AND TANDEM SOLAR CELLS

CROSS-REFERENCE OF RELATED APPLICATION
[0001] This application claims priority to U.S. Provisional Application No.
61/474,074 filed April 11, 2011, the entire contents of which are hereby incorporated by

reference.

[0002] This invention was made with U.S. Government support of Grant No.
N00014-04-1-0434, awarded by the Office of Naval Research, DOD. The U.S.

Government has certain rights in this invention.

BACKGROUND

1. Field of Invention

[0003] The field of the currently claimed embodiments of this invention relates to
electro-optic devices, and more particularly to polarizing photovoltaic components and

devices that incorporate the components.
2. Discussion of Related Art

[0004] Liquid crystal display (LCD) technology is currently the most popular
information display technology. Its uses include monitors for computers, laptops,
televisions, instrument panels, projectors, and other electronic devices ranging from

aircraft cockpit displays to every-day consumer electronic devices.

[0005] Generally, each pixel of the LCD consists of four basic components:
backlight units, back polarizing filter, a layer of aligned liquid crystal molecules between
two transparent electrodes, and front polarizing filter. Figure 1 shows the basic
construction of a pixel in an LCD display. The isotropic backlight can be divided into
two linear oscillation components: the parallel (/) and perpendicular (+) polarizations.
Usually, a polarizer is formed by stretching a linear long-chain organic (or polymeric)
molecule into a uniaxial orientation. When unpolarized light (with both // and +

polarizations) falls on the polarizer, the stretched molecules absorb photons with electric
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field oscillation parallel to the stretch direction. This is defined as the parallel
polarization. When the light reaches the back polarizing film, the // polarization (with
respect to the back film) is absorbed, and only the perpendicularly polarized light can
pass through the polarizer. The orientation of the front and back polarizer is
perpendicular to completely cross-out the light to provide a dark background of the
display. Without a liquid crystal molecular layer between the polarizing filters, light
passing through the back polarizing filter would be blocked by the front one. The electric
field-driven liquid crystal molecular layer acts as a light modulator to reorient the
direction of the incident linear polarized light. Before applying an electric field, the
liquid crystal molecules arrange themselves in a helical or twist structure. This rotates the
axis of the incident linear polarized light making it perpendicular to the stretching
direction of the front film. Hence, some portion of the light can pass thought the front
polarizing film resulting in a grey pixel. After applying an electric field, the liquid crystal
molecules are almost completely untwisted and the polarization direction of the linear
polarized incident light is not rotated as it passes through the liquid crystal layer. This
light will then be blocked by the front filter, resulting in a black pixel. By modulating the
bias applied on the liquid crystal layer, the portion of light passed can be varied, which

constitutes different levels of gray.

[0006] From the energy point of view, LCD technology is very inefficient. The
power consumption of the backlight unit is the largest portion of the total power
consumption in an LCD. To add to it, more than 90% of light energy from the backlight
unit is absorbed by the two orthogonal polarizing filters. That is a great waste of energy,
especially when the pixel is black since the LCD's backlight is always on so the light
energy for a black pixel is 100% wasted. There thus remains a need for improved

polarizers and devices that incorporate the improved polarizers.

SUMMARY

[0007] An electro-optic device according to an embodiment of the current

invention includes a first electrode, a second electrode spaced apart from the first
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electrode, and an active layer of organic semiconducting material between the first
electrode and the second electrode. The active layer includes a quasi-bilayer in which a
first plurality molecules from a first layer of active material is interpenetrated by a second
plurality of molecules from a second layer of active material formed on the first layer.
The first and second pluralities of molecules provide donor-acceptor pairs such that the
quasi-bilayer has at least a portion that is a bulk heterojunction active layer. Each of the
first plurality of molecules has a long axis that is longer than corresponding transverse
axes and the long axis is substantially aligned along a common direction such that the
active layer is more sensitive to a first polarization of incident light than a second
polarization of the incident light, wherein the first polarization and the second

polarization are orthogonal polarization components of the light.

[0008] A method of producing a polarization-sensitive photovoltaic device
according to an embodiment of the current invention includes forming a layer of first
active material on a substructure in which the substructure includes a first electrode. The
first active material includes a first plurality of molecules each having a long axis that is
longer than corresponding transverse axes. The method also includes aligning the long
axes of the first plurality of molecules substantially along a common direction; forming a
layer of a second active material on the layer of the first active material after the aligning,
the second active material including a second plurality of molecules; forming a quasi-
bilayer from the layers of said first and second active materials such that the second
plurality of molecules interpenetrate the layer of the first active material, the first and
second pluralities of molecules providing donor-acceptor pairs such that the quasi-bilayer
has at least a portion that is a bulk heterojunction active layer; and forming a second

electrode in electrical connection with the quasi-bilayer.

[0009] A liquid crystal display according to an embodiment of the current
invention includes a first polarizer; a second polarizer spaced apart from the first
polarizer; and an electrically controllable liquid crystal element arranged between the first
and the second polarizers. The first and second polarizers are arranged in a substantially
cross-polarized orientation with respect to each other, and at least one of the first and
second polarizers is a photovoltaic polarizer that is more sensitive to a first polarization of

incident light than a second polarization of the incident light.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Further objectives and advantages will become apparent from a

consideration of the description, drawings, and examples.
[0011] FIG. 1 is a schematic illustration of the basic structure of an LCD display.

[0012] FIG. 2 is a schematic illustration of electro-optic device according to an

embodiment of the current invention.

[0013] FIG. 3 is a schematic illustration of electro-optic device according to

another embodiment of the current invention.

[0014] FIG. 4 is a schematic illustration of electro-optic device according to

another embodiment of the current invention.

[0015] FIG. 5 is a schematic illustration of an LCD display according to an

embodiment of the current invention.

[0016] FIG. 6 is a schematic illustration of a modified solution-shearing process
for the preparation of polarizing conjugated films according to an embodiment of the

current invention.

[0017] FIGS. 7A-7B show pictures of the polarizing P3HT film taken by digital
camera as an example according to an embodiment of the current invention. Between the
sample slide and the camera, there is a commercial polarizer (with known stretching
direction of polymer). The stretching direction of polarizer is perpendicular (A) or

parallel (B) to the direction of the P3HT chain orientation

[0018] FIGS. 8A-8B show anisotropic absorption spectra of P3HT (A) and
P3HT:PCBM (B) films for incident light polarization parallel (squares), perpendicular
(triangles) and at 45° (circles) to the P3HT chain orientation according to an embodiment

of the current invention.

[0019] FIGS. 9A-9C show voltage-current density characterization of the
polarizing photovoltaic cell according to an embodiment of the current invention. A)

Light current under simulated AM1.5 G, 100 mW/cm? (1 Sun); B) Dark current; C) Light
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current under polarized light with different axis angles. The two curves correspond to
P3HT chain orientation being parallel and perpendicular to the incident polarized light.

The incident polarized light density is 30 mW/cm®.

[0020] FIGS. 10A-10B show schematic illustrations of LCD (a) and the potential
LCD system integrated with ZOPV devices (b). FIGS. 10C-10D show Z-P3HT film with the

rubbing direction parallel (c) or perpendicular (d) to the molecular orientation in the analyzer.

[0021] FIGS. 11A-11D show optical data of ZOPV films according to an embodiment
of the current invention. (a) Absorption of P3HT films upon different treatments: (1) fresh P3HT
film; (2) the P3HT film after spin-drop-coating dichloromethane (DCM) solvent; (3) quasi-bilayer
P3HT-PC¢BM PV film; (4) absorption of the film in (3) after 150 °C thermal annealing for 5
min. (b) Polarized absorption of the z-P3HT films obtained with ecither s- (L) or p- (/) polarized
incident light. (c) Polarized absorption of the quasi-bilayer P3HT-PC¢,BM film without
annealing. (d) Polarized absorption of the quasi-bilayer P3HT-PC¢BM film in (c) after annealing
at 150°C for 5 min.

[0022] FIGS. 12A-12B provide characterization results for an inverted quasi-bilayer
OPV device according to an embodiment of the current invention. (a) Device architecture. (b) J~V

characterization. Inset: Dark current.

[0023] FIGS. 13A-13D show an inverted quasi-bilayer ZOPV device architecture
using reflective Al electrode (a) or transparent Au eclectrode (b) according to an
embodiment of the current invention. Dichroic J~V Characterization of the inverted
quasi-bilayer ZOPV devices with reflective (¢) and transparent (d) electrodes. Inset:

polarizing IPCE spectra.

DETAILED DESCRIPTION
[0024] Some embodiments of the current invention are discussed in detail below.
In describing embodiments, specific terminology is employed for the sake of clarity.
However, the invention is not intended to be limited to the specific terminology so
selected. A person skilled in the relevant art will recognize that other equivalent
components can be employed and other methods developed without departing from the

broad concepts of the current invention. All references cited anywhere in this
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specification, including the Background and Detailed Description sections, are

incorporated by reference as if each had been individually incorporated.

[0025] Figure 2 is a schematic illustration of an electro-optic device 100
according to an embodiment of the current invention. The electro-optic device 100 has

a first electrode 102, a second electrode 104 spaced apart from the first
electrode102, and an active layer 106 of organic semiconducting material between the
first electrode 102 and the second electrode 104. The active layer 106 includes a quasi-
bilayer which will be described in more detail below. The quasi-bilayer has a first
plurality of molecules from a first layer of active material that is interpenctrated by a
second plurality of molecules from a second layer of active material that is formed on the
first layer. The first and second pluralities of molecules provide donor-acceptor pairs
such that the quasi-bilayer has at least a portion that is a bulk heterojunction active layer.
Each of the first plurality of molecules has a long axis that is longer than corresponding
transverse axes and the long axis is substantially aligned along a common direction such
that the active layer is more sensitive to a first polarization of incident light than a second
polarization of the incident light, said first polarization and said second polarization being

orthogonal polarization components of said light.

[0026] As will be described in more detail below, the “quasi-bilayer” is produced
by first forming a layer of material that includes the first plurality of molecules. The first
plurality of molecules can be either donor or acceptor organic semiconducting molecules
as long as they have one dimension that is longer than the orthogonal transverse
dimensions. The organic semiconducting molecules can be small molecules and/or
polymers, for example. Before the second layer of material is formed on the first layer,
the first plurality of molecules is at least partially aligned along a common direction.
After forming the layer of material that includes the second plurality of molecules on the
first layer, an annealing or similar process is performed such that the second plurality of
molecules interpenctrate the first layer. The resulting quasi-bilayer is similar or
equivalent to a bulk heterojunction organic semiconductor that has well aligned
anisotropic molecules. The inventors found that first forming a blend of donor and
acceptor materials, prior to aligning anisotropic molecules, hindered alignment of the

anisotropic materials. The quasi-bilayer can be partially or totally interpenetrated. It is
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thus effectively a bulk heterojunction layer, but with good alignment of the anisotropic

molecules.

[0027] In some embodiments of the current invention, the active layer 106 is more
sensitive to the first polarization than the second polarization of the incident light by a
ratio of at least 6. The first and second polarizations can be orthogonal linear polarization
components of the incident light, for example. In further embodiments of the current
invention, the active layer 106 is more sensitive to the first polarization than the second
polarization of the incident light by a ratio of at least 10. In additional embodiments of
the current invention, the active layer 106 is more sensitive to the first polarization than

the second polarization of the incident light by a ratio of at least 14.

[0028] At least one of the first and second electrodes (102, 104) can be
substantially transparent at an operating wavelength according to an embodiment of the
current invention. The first electrode 102 and the second electrode 104 can be either in
direct electrical contact with the active layer 106, or there can be one of more layers of
material between either one, or both, of the electrodes and the active layer. For example,
a buffer layer can be included between one of the electrodes 102, 104 and the active layer
106. The electrodes 102 and 104 can be a single layer, or multiple layers of materials, for

example.

[0029] The electro-optic device 100 can be an inverted photovoltaic polarizer, or a
non-inverted photovoltaic polarizer according to some embodiments of the current
invention. For example, the electro-optic device 100 can include a transparent substrate
upon which the first electrode is formed, and a buffer layer of n-type material is formed
on the first electrode. In this case, the first layer of the quasi-bilayer is a p-type polymer
donor material formed on the buffer layer such that said electro-optic device is an
inverted photovoltaic polarizer. In another example, the electro-optic device 100 can
include a transparent substrate upon which the first electrode is formed, and a buffer layer
of p-type material is formed on the first electrode. In this case, the first layer of the quasi-
bilayer is an n-type polymer donor material formed on the buffer layer. The electro-optic

device 100 is not limited to these particular embodiments.

[0030] Figure 3 is a schematic illustration of an electro-optic device 200

according to another embodiment of the current invention. In this embodiment, two
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photovoltaic polarizers 202 and 204 are electrically connected such that the electro-optic
device 200 is a tandem photovoltaic polarizer. In some embodiments, the polarization
orientation of photovoltaic polarizer 202 can be substantially orthogonal to the
polarization orientation of photovoltaic polarizer 204. Each of the photovoltaic polarizers
202 and 204 can be similar to, or substantially the same as, the photovoltaic polarizer 100,

for example.

[0031] Figure 4 is a schematic illustration of an electro-optic device 300
according to another embodiment of the current invention. In this embodiment, two
photovoltaic polarizer active layers 302 and 304 are formed into an integrated device with
an interconnecting layer therebetween. The photovoltaic polarizer active layers 302 and
304 can be arranged in a substantially cross polarized configuration with respect to each

other in some embodiments.

[0032] The following examples are provided to help explain further concepts and
details of some embodiments of the current invention. Some particular applications are
also described. However, the general concepts of the current invention are not limited to

the particular applications and examples.
EXAMPLE 1

[0033] To solve the problem of energy waste in conventional LCDs, as mentioned
in the Background, we present here the use of polarizing photovoltaic cells for recycling
energy from the backlight. Traditional polarizing filters in LCD systems can be replaced
by the polarizing photovoltaic cells, as is illustrated schematically in Figure 5. The
polarizing photovoltaic cells not only act as polarizing films to provide linearly polarized
light, but instead of simply blocking the light, they absorb it and convert it into usable
power which can be fed back into the system, hence increasing the overall efficiency of
the system as a whole. Figure 5 shows an example of LCD system according to an
embodiment of the current invention that includes polarizing photovoltaic cells. When
the isotropic light reaches the first polarizing photovoltaic film, the light portion with axis
parallel to the molecular orientation of the first polarizing photovoltaic film will be
absorbed. This portion of light energy will be collected and transferred into electric
energy via the photovoltaic device. However, the light with the axis perpendicular to the

molecular orientation of the polarizing photovoltaic film can still pass through the film
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with little loss. Similarly, when the polarized light reaches the front polarizing
photovoltaic film, the absorbed portion of the incident polarized light can also turn into

electricity via the front photovoltaic cell.

[0034] Polarizing photovoltaic devices according to some embodiments of the
current invention can include, but are not limited to, conjugated polymer bulk-
heterojunction (BHJ) photovoltaic devices. The BHIJ photovoltaic devices can have

advantages of light weight, thin film thickness, ease of morphology control and solution-

]

processability.!) The polarizing polymer BHJ films can be achieved by many methods,

which involve the alignment of polymer chains in the film. Such alignment can be

produced by any one or combination of methods involving stretching'®, friction

transfer’?), shearing!”, directed crystallization”,  dip-coating!®, zone-casting!”,

mechanical rubbing'™, liquid crystalline self-organization, or Langmuir-Blodgett (LB)

technique'”, roll-to-roll deposition™, solvent vapor annealing""), film re-crystallization

]

techniques!'”, zone refining!”®, printing using dedicated pneumatic microinjection

systems'¥, doctor-blade!"), epitaxial solidification/growth!'®, nano-imprinting!'”’, photo-

alignment techniques!'®.

[19]

Such alignments can also be preferably induced by surface

, aligned templates™™), substrates*"

[24]

, magnetic field?, electric field™®,
[25]

patterns

directional crystallization'”™, use of vitrification agents to control crystallization

drop-casting of the semiconductor solution on a tilted substrates'*®.

or

[0035] Figure 3 demonstrates an example of polarizing BHJ photovoltaic
films based on the solution-shearing method. The ITO substrate is coated with a
PEDOT:PSS layer. Then, the polarized BHJ polymer film is prepared on the substrate by
a modified solution-shearing method. 1,3,5-trichlorobenzene is added into the polymer
blend solution to direct the crystallization of a P3HT:PCBM blend film. With this
method, aligned conjugated polymer films can be obtained with anisotropic and light
polarizing properties. Finally, a back electrode is deposited onto the polarizing BHJ films

to finish the polarizing photovoltaic devices.

[0036] Figures 7A and 7B show the polarizing poly(3-hexylthiophene) (P3HT)
film prepared by the modified solution-shearing method. A commercial polarizer with
known stretching direction is placed between the slide and the camera. When the stretch
direction of the polarizer is perpendicular to polymer alignment of the polarizing P3HT

film, the film appears dark in color and the words below the slide cannot be clearly seen

9
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(Figure 8A). However, when the stretch direction of the polarizer and the P3HT chain
orientation is parallel, the film shows semi-transparent color and the word “UCLA” is

readable, indicating the transmission of the polarized light.

[0037] Figures 8A and 8B show the polarized absorption spectra for both
polarizing P3HT (Fig. 8A) and P3HT: PCBM (Fig. 8B) films. In Fig. 8A, when the
P3HT chain orientation is perpendicular to the polarized incident light, the optical density
at 600 nm is 0.16. When the P3HT chain orientation is parallel to the polarized the
incident light, the optical density at 600 nm is 1.21. The dichroic ratio is 7.6. The
absorption shoulder around 600 nm is the n-n* transition of the stacked P3HT chains.
This absorption shoulder is much more pronounced in the parallel configuration. In the
Fig. 8B, the blend films also show significant anisotropic absorption and the dichroic
ratio at 600 nm is 6.9. This indicates that the PCBM molecules won’t affect the

alignment of P3HT chains.

[0038] Figures 9A-9C present the voltage-current density characterization for the
polarizing photovoltaic cell. Under simulated 100 mW/cm?, the device has a power
conversion efficiency of 1.68%, with an open-circuit voltage (V) of 0.544 V, a short-
circuit current (Jo) of 5.64 mA/cm?, and a fill factor (FF) of 54.8%. Then, the device is
exposed to a polarized incident light with an intensity of 30 mW/cm?. When the polymer
chain orientation is parallel to the polarized incident light, a J, of 2.01 mA/cm* will be
obtained with a V. of 0.505 V and FF of 59.0%, resulting in a total power conversion
efficiency of 2.0%. When the polymer chain orientation is orthogonal to the polarized
incident light, less incident polarized light will be captured. The Js is 1.79 mA/cm?* and
reduced by 10%, with a V.. of 0.501 V, a FF of 58.7% and an overall efficiency of
1.77%. Such the reduction in J indicates the anisotropic light response to the polarized

incident light.

[0039] In addition to LCDs, polarized OPV cells according to some embodiments
of the current invention can also be applied to tandem solar cells. One problem with
polymer solar cells is the low carrier mobility; hence one must make the active film
thinner to compensate the low carrier mobility. However, this will reduce the absorption
of photons. By coupling with two polarized OPV cells with two orthogonal orientations,

photons can be absorbed more efficiently.

10
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[0040]

used.

For either LCD’s or tandem solar cells, transparent electrodes must be

The transparent electrodes can be graphene, ITO, ZnO, Al-doped ZnO, thin

metallic films, such as gold or silver, or metal mesh, for example.

[0041]
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EXAMPLE 2

[0042] The polarizing organic photovoltaic device will be referred to as ZOPV
instead of POPV (polymer organic photovoltaic). Compared with their silicon or other
inorganic or organic-inorganic hybrid counterparts, a unique advantage of organic
conjugated materials is that the molecular chains can be ecasily oriented, leading to
anisotropic response to polarized incident light. This feature can make the organic PV
system superior to the inorganic PV system for PV polarizer purposes. ZOPV devices
integrated into an LCD panel (Figs. 10A, 10B) can have three potential benefits: 1)
polarization, whereby the EM wave component with an electric field perpendicular to the
oriented molecular chain (s-mode polarized light) propagates through the film without
absorption, serving its conventional role in LCDs; 2) As a PV device, the ZOPV film
harvests the EM wave component parallel to the molecular chain orientation (p-mode
polarized light, which is absorbed and wasted in a conventional LCD), converting it into

electricity; 3) Ambient light or sunlight PV panel. When the ZOPV device is integrated
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into the LCD panel, its photovoltaic function remains even when the LCD panel is not in

use, producing electricity through conversion of photons from ambient light or sun light.

[0043] The ZOPV films can be realized by the uniaxial orientation of polymer
conjugated molecules. Here, the polymer used is poly(3-hexylthiophene) (P3HT), which
is the most popular p-type polymer in organic photovoltaic (OPV) technology. By
rubbing a P3HT film with velvet cloth at 150 °C 50 times, polymer chains are oriented
along the rubbing direction, resulting in the polarizing P3HT (z-P3HT) film with
anisotropic optical properties. After the fabrication of the z-P3HT film, phenyl-Cq-
butyric acid methyl ester (PCsoBM) is coated sequentially onto z-P3HT film followed by
annealing at 150 °C for 5 min. The PCsBM molecules will diffuse into the oriented

P3HT matrix and finally provide the P3HT-PCBM quasi-bilayer ZOPV films.

[0044] Figures 10C and 10D compare the anisotropic appearance of z-P3HT film.
The pictures were taken by placing a traditional linear polarizer in front of a digital
camera and hence provided polarized light. In Fig. 10C, the z-P3HT (analyzer) and the
polarizer have parallel (molecular) orientation; therefore, the polarized light can pass
through both of them, resulting in a transparent appearance. In Fig. 10D, the z-P3HT film
and polarizer are arranged with perpendicular (molecular) orientation. This results in a

dark view due to the crossed-polarization by the two polarizers.

[0045] The parallel and perpendicular polarizations are defined using the oriented
polymer backbone axis as the reference. If the optical polarization is parallel to the
polymer backbone, it is parallel polarization (defined as p-mode), and it will be absorbed
by the polymer film; if it is perpendicular polarization (defined as s-mode), the light will

have minimum absorption in the polymer film.

[0046] Figures 11A-11D show the optical data for the ZOPV films. In Figure
11A, the absorption of regular P3HT film is studied upon different treatments.
Dichloromethane (DCM) is a poor solvent for P3HT. When spin-coating pure DCM onto
the P3HT film, no significant difference is observed between Fig. 11A-1 and -2,
indicating the resistance of P3HT film to DCM solvent. When PCyBM is coated onto
P3HT from its DCM solution followed by annealing, PCBM molecules will diffuse into
the P3HT films to form the interpenetrated quasi-bilayer P3HT-PCBM PV film. From
Fig. 11A-3 and -4, it is clear that the diffusion of PCBM molecules won’t affect the
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absorption of P3HT films. The absorption shoulder around 600 nm, which indicates the
packing of P3HT chains, is not changed after thermal annealing. This suggests that the
PCBM molecules only move in the disordered regions of P3HT film, but won’t affect the
ordered packing of P3HT chains. Figure 11B shows the polarized absorption of the z-
P3HT film to s- and p- polarized incident light. Under the s-polarized light, the optical
density at 610 nm is only 0.0494 OD. In contrast, when the absorption is taken under p-
polarized light, much stronger optical density of 0.705 OD is observed at 610 nm. The
ratio between absorption for p- and s-polarized light (defined as the dichroic ratio, DR)
can reach up to 14.3. This suggests the highly efficient molecular alignment induced by
the surface rubbing process. Fig. 11C shows the polarized absorption of the quasi-bilayer
P3HT-PCsBM ZOPV film without annealing treatment. The DR peaks at 604 nm with a
high value of ~12.4. This indicates that P3HT molecular chains still keep the high
orientation after the coating of PCs9BM. More importantly, PCsoBM has weak absorption
in the visible range and this won’t affect the final anisotropic absorption of the ZOPV
film by much. After annealing at 150 °C for 5 min, PCsBM molecules will diffuse into
the aligned P3HT matrix. From the polarized absorption spectra in Fig. 11D, we note that
the final ZOPV film still has a high DR ratio of up to 11.3 at 604 nm, indicating that the
aligned P3HT molecular chains maintain the high orientation after thermal annealing.
From these spectral results, it can be concluded that PCBM molecules won’t affect the
P3HT molecules orientation and packing when they are diffusing into the aligned P3HT
matrix and forming the quasi-bilayer ZOPV films.

[0047] With the interpenctrated P3HT-PC¢BM quasi-bilayer PV film, we
fabricate the quasi-bilayer OPV devices using a novel inverted structure. Fig. 12A shows
the inverted quasi-bilayer device structure. In this device, the P3HT-PCsBM quasi-
bilayer PV film is prepared on the cathode modification layer (TiO,:CsCO3). The anode
modification layer, such as poly(3,4-cthylenedioxythiophene)/poly(styrenesulfonate)
(PEDOT:PSS), is coated onto the quasi-bilayer PV film. Compared with inverted bulk
heterojunction devices and regular quasi-bilayer devices, the inverted quasi-bilayer device
architecture has some particular advances for ZOPV purpose. On one hand, the P3HT
donor and PCsyBM acceptor can be processed separately. This provides feasibility to
fabricate the polymer donor films with other functions, such as the anisotropic optical
property. On the other hand, the mechanical rubbing process on P3HT film may create

scratches. These scratches will lead to a short circuit when depositing the back electrode.
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The inverted structure provides an efficacious solution for this mechanical problem.
Anode interfacial modification layers, such as PEDOT:PSS, can form a surface sealing
layer to prevent the direct contact between cathode and anode. Figure 12B gives the
current density versus voltage (J-V) characterization of the inverted quasi-bilayer PV
devices based on the regular P3HT film (control device). The measurement is performed
under regular AM1.5 G 1 Sun irradiation. A power conversion efficiency (7.) of 2.62% is
obtained with a short-circuit current (Ji.) of 6.45 mA-cm™, an open-circuit voltage (Vo)
of 0.61 V and fill factor (FF) of 66.6%. It should be noted that, in this device
architecture, the p-type P3HT layer is directly coated onto the n-type TiO2:CsCOs
interface modification layer, while the p-type PEDOT:PSS layer is coated on the top of n-
type PCsoBM acceptor. Judging from the device structure, it seems that the n-type P3HT
bottom layer might block the electron collection from PCsBM. However, as we know
from recently reports, the PCsBM molecules will diffuse into the P3HT matrix. The
good device performance above provides evidence for such diffusion. Moreover, it can
also be concluded that PCs BM molecules not only diffuse into the P3HT film, but also
reach the bottom n-type interface modification layer, providing transport routes for
efficient electron collection. Similarly, on the top surface of quasi-bilayer film, the
thermal induced PCgBM diffusion also helps to expose more P3HT component to the
PEDOT:PSS layer and this ensure the efficient hole collection at the back electrode.

[0048] Based on the inverted quasi-bilayer device architecture, we fabricated
ZOPV devices using z-P3HT film. Both the reflective electrode (Al, 100 nm, Fig. 13A)
and transparent electrode (Au, 10 nm, Fig. 13B) are used for the devices. Table 1
summarizes the device performances. The devices are tested under both the unpolarized
and polarized AM1.5G illumination. When tested under unpolarized AM1.5G 1 Sun
condition, the ZOPV devices with reflective Al electrode reaches a power conversion
efficiency of #. = 1.38%, with J, = 3.69 mA-crn'l, Voo = 0.60 V, and FF = 62.2%.
Compared with the control device using regular P3HT film (Table 1), the low J in the
ZOPV device is because only the p-portion of the incident light can be efficiently
absorbed and transferred into electricity. The ZOPV with transparent Au electrode gives
a ne = 0.69%, with J = 2.74 mA-crn'l, Voe = 0.60 V, and FF = 42.2%. These results
confirm that the PEDOT:PSS layer apparently provides an effective sealing layer and
prevents a short circuit. The low FF for the transparent ZOPV device is primarily

because of the high series resistant of the 10 nm Au electrodes on the PEDOT:PSS film.
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[0049] Table 1. Device performance summary.
| Awde Deleetpe  Tsteomdin (G ©F 0h o)
Control AMISC, 1 Sun, 645 06l 666 g
unpolarized lisht
Reflecti
ellective ZOPV AMI.5G, 1 Sun, 3.69 060 622 138
electrode, unpolarized light
PEDOT:PSS/Al e 0,68 053 585 063
light, 0.33 Sun, L
(100 nm)
p-mode polarized
ZOPV light, 0.3 Sun, / 1.88 0.57 62.2 2.00
ZOPY AMI 3G, | sun, 274 060 422 069
Transparent unpolarized light
electrode, ZOPV frﬁfdg g’lsanzei 0.41 051 531 033
PEDOT:PSS/Au 1841, 1.5 sum,
10 nm p-mode polarized
( ) ZOPV light 033 Sun, 1/ 145 057 503 125
[0050] In the polarizing PV performance characterization of ZOPV devices, a

polarizer is placed between devices and light source to provide polarized incident light.
The polarized light intensity is ~33 mW-cm'. Figure 13C shows the dichroic
photovoltaic effect of a ZOPV device with reflective electrode. The reflective ZOPV
device generates a Ji. of 1.88 mA-cm™ under p-mode polarized light, with a 5. = 2.00%,
Voe=0.57 V, and FF = 62.2%. In contrast, when tested under s-mode polarized light, the
Ji 1s only 0.68 mA-crn'l, with a 77, = 0.64%, Vo= 0.528 V, and FF = 58.53%. The ratio
of Js(p) to Ju(s) is 2.76. Polarized incident photo-to-current conversion efficiency
(IPCE) is also utilized to identify the polarized Ji., which gives a Ji(p) = 1.92 mA-cm™,
Ju(s) = 0.71 mA-cm” and a Ji ratio of 2.70. Fig. 13D shows the polarized J-V
characterization of the transparent ZOPV device. A higher J,. ratio of up to 3.54 is
achieved with Ji(p) = 1.45 mA-cm™, and Ji(s) = 0.41 mA-cm™. Compared with the ratio
in the reflective electrode, this ratio is a little higher. This is because the incident light in
the reflective ZOPV is reflected by the electrode, causing the incident light to propagate
through the active layer twice and be absorbed twice. For the transparent ZOPV, the

incident light is not reflected and only absorbed once.

[0051] In this example of some applications, we develop the ZOPV technology, a

novel concept of energy harvesting and recycling technology. We have successfully
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achieved the highly oriented P3HT films with high DR values of up to 14.3 through a
surface rubbing method. A novel inverted quasi-bilayer ZOPV device based on the
oriented P3HT film is described. Good device performance has demonstrated that the
PCsBM molecules will penetrate through the highly aligned P3HT matrix and reach the
bottom electrode while maintaining the orientation of P3HT chains.  Dichroic
photovoltaic effect characterization has given a high J ratio of 3.54. At a value >10%, it
shows high promise of revolutionizing the architecture of the traditional LCD display.
This method of both recycling otherwise wasted energy and harvesting the outside light

energy can be significant towards the development of a green technology.
Methods

[0052] Materials. Poly(3-hexylthiophene) (P3HT) was purchased from Rieke
Metals, Inc. [6,6]-phenyl Cgi-butyric acid methyl ester (PCsBM) was purchased from
Nano-C.  Poly(3,4-cthylenedioxythiophene)/  poly(styrenesulfonate) (PEDOT:PSS,
CLEVIOS™ P VP Al 4083) was purchased from H.C. Starck. All materials were used as

received.

[0053] Polarizing P3HT (z-P3HT) film fabrication. The solution of P3HT in
chlorobenzene (2 wt%) was spin-drop-cast onto substrate at a speed of 2500 rpm for 5 s.
The film was then annealed at 150°C for 10 min. The P3HT film was rubbed slightly
with a velvet cloth 50 times at 150°C.

[0054] Inverted quasi-bilayer device fabrication. The devices were fabricated
on indium tin oxide (ITO) coated glass substrates with a sheet resistance of 15 Q-square™.
Ti0,:CsCOs solution prepared by blending 0.4 and 0.4 wt% solutions of TiO, and
CsyCO; in a 1:1 volume ratio was spin-casted at 2500 rpm for 30 s, and the thermal
annealing was performed at 150 °C for 20 min. The P3HT films (regular or polarizing
films) were fabricated over the TiO,:CsCO3 layer. A 0.5 wt% solution of PC¢BM in
dichloromethane was spin-drop-coated onto the P3HT film while the substrate was
spinning at 4500 rpm. The films were then annealed at 150°C for 2~10 min to form the
quasi-bilayer structure. Then, PEDOT:PSS with surfactants was spin-coated at 4000 rpm
for 60 s and annealed at 80°C for 5 min. The device fabrication was completed by
thermal evaporation of Al (100 nm) as the reflective electrode or Au (10 nm) as the

transparent electrode under vacuum at a base pressure of 2 x 10° Torr.
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[0055] Electrical, optical and microscopic characterization of photovoltaic
cells and thin films. Absorption spectra were taken using a Hitachi ultraviolet-visible
spectrophotometer (U-4100). For the polarized absorption characterization, a prism
polarizer accessory was placed between the light source and the samples to provide the
polarized incident light. J-J characteristics of photovoltaic cells were taken using a
Keithley 2400 source unit under a simulated AM1.5G spectrum with an Oriel 91191 solar
simulator. For the polarizing PV measurement, a polarizer was placed between the light
source and device to provide the polarized incident light. The intensity of the polarized

light is ~33 mW-cm ™, which is calculated using a Si photodiode.

[0056] The embodiments illustrated and discussed in this specification are
intended only to teach those skilled in the art how to make and use the invention. In
describing embodiments of the invention, specific terminology is employed for the sake
of clarity. However, the invention is not intended to be limited to the specific
terminology so selected. The above-described embodiments of the invention may be
modified or varied, without departing from the invention, as appreciated by those skilled
in the art in light of the above teachings. It is therefore to be understood that, within the
scope of the claims and their equivalents, the invention may be practiced otherwise than

as specifically described.
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WE CLAIM:

1. An electro-optic device, comprising:

a first electrode;

a second electrode spaced apart from said first electrode; and

an active layer of organic semiconducting material between said first electrode
and said second electrode,

wherein said active layer comprises a quasi-bilayer in which a first plurality
molecules from a first layer of active material is interpenetrated by a second plurality of
molecules from a second layer of active material formed on said first layer, said first and
second pluralities of molecules providing donor-acceptor pairs such that said quasi-
bilayer has at least a portion that is a bulk heterojunction active layer, and

wherein each of said first plurality of molecules has a long axis that is longer than
corresponding transverse axes and said long axis is substantially aligned along a common
direction such that said active layer is more sensitive to a first polarization of incident
light than a second polarization of said incident light, said first polarization and said

second polarization being orthogonal polarization components of said light.

2. An electro-optic device according to claim 1, wherein said active layer is more
sensitive to said first polarization than said second polarization of said incident light by a

ratio of at least 6.

3. An electro-optic device according to claim 1, wherein said active layer is more
sensitive to said first polarization than said second polarization of said incident light by a

ratio of at least 10.
4. An electro-optic device according to claim 1, wherein said active layer is more
sensitive to said first polarization than said second polarization of said incident light by a

ratio of at least 14.

5. An electro-optic device according to claim 1, wherein said quasi-bilayer

comprises a polymer.
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6. An electro-optic device according to claim 1, wherein at least one of said first and

second electrodes is substantially transparent at an operating wavelength.

7. An electro-optic device according to claim 1, further comprising:

a transparent substrate upon which said first electrode is formed, said first
electrode being substantially transparent at an operating wavelength; and

a buffer layer of n-type material formed on said first electrode,

wherein said first layer of said quasi-bilayer is a p-type polymer donor material
formed on said buffer layer such that said electro-optic device is an inverted photovoltaic

polarizer.

8. An electro-optic device according to claim 1, further comprising:

a transparent substrate upon which said first electrode is formed, said first
electrode being substantially transparent at an operating wavelength; and

a buffer layer of p-type material formed on said first electrode,

wherein said first layer of said quasi-bilayer is an n-type polymer donor material

formed on said buffer layer.

9. An electro-optic device according to claim 1, further comprising:

a second active layer of organic semiconducting material between said first
electrode and said second electrode,

wherein said second active layer comprises a second quasi-bilayer in which a third
plurality molecules from a third layer of active material is interpenctrated by a fourth
plurality of molecules from a fourth layer of active material formed on said third layer,
said third and fourth pluralities of molecules providing donor-acceptor pairs such that said
second quasi-bilayer has at least a portion that is a second bulk heterojunction active
layer, and

wherein each of said second plurality of molecules has a long axis that is longer
than corresponding transverse axes and said long axis is substantially aligned along a
common direction such that said second active layer is more sensitive to said second

polarization of said incident light than said first polarization of said incident light.

10. A method of producing a polarization-sensitive photovoltaic device, comprising:
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forming a layer of first active material on a substructure, said substructure
comprising a first electrode, wherein said first active material comprises a first plurality
of molecules each having a long axis that is longer than corresponding transverse axes;

aligning said long axes of said first plurality of molecules substantially along a
common direction;

forming a layer of a second active material on said layer of said first active
material after said aligning, said second active material comprising a second plurality of
molecules;

forming a quasi-bilayer from said layers of said first and second active materials
such that said second plurality of molecules interpenetrate said layer of said first active
material, said first and second pluralities of molecules providing donor-acceptor pairs
such that said quasi-bilayer has at least a portion that is a bulk heterojunction active layer;
and

forming a second electrode in electrical connection with said quasi-bilayer.

11. A method of producing a polarization-sensitive photovoltaic device according to
claim 10, wherein said aligning said long axes of said first plurality of molecules
comprises rubbing said layer of first active material in a preselected direction to cause

said alignment.

12. A method of producing a polarization-sensitive photovoltaic device according to

claim 10, wherein said forming said quasi-bilayer comprising an annealing process.

13. A liquid crystal display, comprising:

a first polarizer;

a second polarizer spaced apart from said first polarizer; and

an electrically controllable liquid crystal element arranged between said first and
said second polarizers,

wherein said first and second polarizers are arranged in a substantially cross-
polarized orientation with respect to each other, and

wherein at least one of said first and second polarizers is a photovoltaic polarizer
that is more sensitive to a first polarization of incident light than a second polarization of

said incident light.
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14. A liquid crystal display according to claim 13, wherein said at least one of said
first and second polarizers comprises:

a first electrode;

a second electrode spaced apart from said first electrode; and

an active layer of organic semiconducting material between said first electrode
and said second electrode,

wherein said active layer comprises a quasi-bilayer in which a first plurality
molecules from a first layer of active material is interpenetrated by a second plurality of
molecules from a second layer of active material formed on said first layer, said first and
second pluralities of molecules providing donor-acceptor pairs such that said quasi-
bilayer has at least a portion that is a bulk heterojunction active layer, and

wherein each of said first plurality of molecules has a long axis that is longer than
corresponding transverse axes and said long axis is substantially aligned along a common
direction such that said active layer is more sensitive to a first polarization of incident
light than a second polarization of said incident light, said first polarization and said

second polarization being orthogonal polarization components of said light.

15. A liquid crystal display according to claim 14, wherein said active layer is more
sensitive to said first polarization than said second polarization of said incident light by a

ratio of at least 6.

16. A liquid crystal display according to claim 14, wherein said active layer is more
sensitive to said first polarization than said second polarization of said incident light by a

ratio of at least 10.

17. A liquid crystal display according to claim 14, wherein said active layer is more
sensitive to said first polarization than said second polarization of said incident light by a
ratio of at least 14.

18. A liquid crystal display according to claim 14, wherein said quasi-bilayer

comprises a polymer.
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19. A liquid crystal display according to claim 14, wherein at least one of said first

and second electrodes is substantially transparent at an operating wavelength.

20. A liquid crystal display according to claim 14, further comprising:

a transparent substrate upon which said first electrode in formed, said first
electrode being substantially transparent at an operating wavelength; and

a buffer layer of n-type material formed on said first electrode,

wherein said first layer of said quasi-bilayer is a p-type polymer donor material
formed on said buffer layer such that said electro-optic device is an inverted photovoltaic

polarizer.

21.  Aliquid crystal display according to claim 14, further comprising:

a transparent substrate upon which said first electrode is formed, said first
electrode being substantially transparent at an operating wavelength; and

a buffer layer of p-type material formed on said first electrode,

wherein said first layer of said quasi-bilayer is an n-type polymer donor material

formed on said buffer layer.
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