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PHOTOVOLTAC CAPACTOR FOR DIRECT 
SOLAR ENERGY CONVERSION AND 

STORAGE 

REFERENCE TO GOVERNMENT GRANT 

This invention was made with government Support under 
0702095 awarded by the National Science Foundation. The 
government has certain rights in the invention. 

FIELD OF THE INVENTION 

The present invention disclosed herein relates generally to 
photovoltaic devices, and in particular, to a photovoltaic 
capacitor capable of directly converting Solar energy to elec 
trical energy and storing the electrical energy within the 
device. 

BACKGROUND AND SUMMARY OF THE 
INVENTION 

Significant research is being conducted to improve the 
efficiency and reduce the cost of energy generated by renew 
able resources. One Such renewable energy resource is Solar 
energy. Existing photovoltaic (PV) cells convert Solar energy 
to electrical energy. Solar energy, or light, is composed of 
photons that strike the surface of the PV cell. However, a 
portion of the photons that reach the PV cell are reflected and 
still other photons are absorbed as heat. Only a portion of the 
photons that reach the PV cell: 1) reach the semiconductor 
material; and 2) transfer energy from the photon to the semi 
conductor material such that electrons in the semiconductor 
material are raised to a sufficiently high energy state that they 
are free to move within the semiconductor material, thereby 
generating electricity. Thus, a primary focus of research in PV 
cells is to improve the efficiency at which the PV cell converts 
the Solar energy into electrical energy. 

It is noted that the PV cells cannot directly store the elec 
trical energy generated; therefore, the PV cell must be con 
nected either to a load to immediately utilize the energy or to 
a storage device, such as rechargeable batteries, for Subse 
quent usage. If the electrical energy is not used or transferred 
to a storage device, the excited electrons will recombine with 
the holes in the semiconductor material and the electrical 
energy is lost. Existing PV cells are, therefore, typically con 
nected to rechargeable batteries Such that energy generated 
but not immediately used by a load is stored for future use. 
However, the rechargeable batteries add additional cost and 
complexity in the system. Further, the batteries require extra 
space and have life cycle limitations. There are also concerns 
about recycling of old batteries. Thus, it would be desirable to 
provide a PV cell capable of storing the electrical energy 
directly in the PV cell without requiring the extra cost and 
complexity of an external storage device. 

Therefore, it is a primary object and feature of the present 
invention to provide a photovoltaic capacitive device capable 
of directly harvesting and storing Solar energy. 

It is a further object and feature of the present invention to 
improve efficiency and reduce costs of photovoltaic systems 
by storing electrical energy within the PV cell rather than 
requiring external storage devices. 

In accordance with the present invention, a device is pro 
vided for converting Solar energy to electrical energy. The 
device includes a transparent electrode and a second electrode 
disposed opposite from the transparent electrode. A medium, 
which includes a semiconductor layer and a membrane layer, 
is disposed between the transparent electrode and the second 
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2 
electrode. The semiconductor layer may include a dipolar 
aprotic solvent, ferroelectric particles dissolved in the dipolar 
aprotic solvent, and semiconductor particles mixed in the 
solution of ferroelectric particles and dipolar aprotic solvent. 
The membrane layer may include an anhydrous aprotic Sol 
vent, ferroelectric particles dissolved in the anhydrous aprotic 
solvent, and an electrolyte mixed in the solution of ferroelec 
tric particles and anhydrous aprotic solvent. 

In accordance with other aspects of the invention, the trans 
parent electrode may be glass sputtered with conductive 
indium tin oxide. The second electrode may be glass sput 
tered with gold. The semiconductor particles may be intrinsic 
silicon. The electrolyte may include a solution of ethylene 
carbonate and dimethyl carbonate with lithium hexafluoro 
phosphate dissolved therein. The ferroelectric particles in 
each of the semiconductor layer and the membrane layer may 
be polyvinylidene fluoride. The dipolar aprotic solvent of the 
semiconductor layer may be N-methylpyrrolidinone. The 
anhydrous aprotic solvent of the membrane layer may be 
tetrahydrofuran. 

In accordance with a further aspect of the present inven 
tion, a photovoltaic device for converting Solar energy to 
electrical energy includes a transparent electrode, a second 
electrode disposed opposite from the transparent electrode, 
and a medium disposed between the transparent electrode and 
the second electrode further. The medium includes an elec 
trolyte, semiconductor particles, ferroelectric particles bound 
with the semiconductor particles, and a membrane disposed 
on a Surface of the second electrode. 

In accordance with still another aspect of the present inven 
tion, a method is disclosed for storing electron hole pairs 
generated from light energy in a device. The device has a 
transparent electrode, a second electrode disposed opposite 
from the transparent electrode, and a medium disposed 
between the transparent electrode and the second electrode. 
The method includes the steps of receiving incident light at 
the medium through the transparent electrode and generating 
electron-hole pairs in the medium. The holes are injected into 
the transparent electrode, and the electrons are stored in the 
medium such that a voltage potential is established between 
the transparent electrode and the second electrode. The volt 
age difference is maintained when the incident light is 
removed. 

In accordance with still yet aspect of the present invention, 
a method is provided for harvesting and storing Solar energy 
in a device having a transparent electrode, a second electrode 
disposed opposite from the transparent electrode, and a 
medium disposed between the transparent electrode and the 
second electrode. The method includes the steps of generat 
ing electron-hole pairs via the photovoltaic effect responsive 
to Solar energy being absorbed within the medium and estab 
lishing an ionic concentration gradient in the medium respon 
sive to the electron-hole pair generation. The ionic concen 
tration is maintained within the medium via the ferroelectric 
effect. 

These and other objects, advantages, and features of the 
invention will become apparent to those skilled in the art from 
the detailed description and the accompanying drawings. It 
should be understood, however, that the detailed description 
and accompanying drawings, while indicating preferred 
embodiments of the present invention, are given by way of 
illustration and not of limitation. Many changes and modifi 
cations may be made within the scope of the present invention 
without departing from the spirit thereof, and the invention 
includes all Such modifications. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The drawings furnished herewith illustrate a preferred con 
struction of the present invention in which the above advan 
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tages and features are clearly disclosed as well as others 
which will be readily understood from the following descrip 
tion of the illustrated embodiment. 

In the drawings: 
FIG. 1 is a schematic sectional view of one embodiment of 

the invention; 
FIG. 2 is the schematic sectional view of FIG.1, illustrating 

the operation of the photoelectric device: 
FIG. 3 is a graph illustrating the open-circuit Voltage of an 

exemplary embodiment of the invention during operation; 
FIG. 4 is a graph illustrating storage capacity of an exem 

plary embodiment of the invention; 
FIG. 5 is a graph illustrating short circuit current output of 

an exemplary embodiment of the invention; 
FIG. 6 is a graph illustrating storage of mobile charge 

according to an exemplary embodiment of the invention; and 
FIG. 7 is a graph comparing operation of a charged device 

with and without incident light according to an exemplary 
embodiment of the invention. 

DETAILED DESCRIPTION OF THE DRAWINGS 

The various features and advantageous details of the Sub 
ject matter disclosed herein are explained more fully with 
reference to the non-limiting embodiments described in detail 
in the following description. 

Referring to FIG. 1, a photovoltaic device 10 in accordance 
with a first embodiment of the present invention is illustrated. 
The photovoltaic device 10 includes a transparent electrode 
20 having an outer surface 22 and an inner surface 24. The 
transparent electrode 20 may be made of glass sputtered with 
an electrically conductive metal-oxide material, for example, 
indium tin oxide (ITO). A second electrode 30 is disposed 
opposite of the transparent electrode 20 and includes an outer 
surface 32 and an inner surface 34. The second electrode 30, 
also referred to as a current collector, may be glass sputtered 
with a conductive metal, for example, platinum or gold (Au). 
A medium 38 is disposed between the inner surface 24 of the 
transparent electrode 20 and the inner surface 34 of the sec 
ond electrode 30. The medium 38 includes a membrane layer 
40 and a semiconductor layer 50. 
The semiconductor layer 50 preferably includes ferroelec 

tric particles dissolved in a dipolar aprotic Solvent, Such as 
N-methylpyrrolidinone (NMP), with Silicon (Si) powder 
added. Suitable ferroelectric particles may be a polyvi 
nylidene fluoride (PVDF) copolymer such as KYNAR 
FLEXOR supplied by Arkema, Inc. An exemplary embodiment 
of the semiconductor layer 50 is prepared by the following 
steps. The PVDF copolymer is dissolved in NMP and then Si 
powder is added. Preferably, the Si powder is added at a 
nine-to-one (9:1) ratio by mass to the PVDF copolymer. The 
mixture undergoes ultrasonication for 30 minutes, followed 
by stirring for 2 hours while the temperature of the mixture is 
maintained at 55° C. The resulting Si/PVDF slurry is cast 
onto the inner surface 24 of the transparent electrode 20 dried 
at 75° C. for 12 hours. The resulting thickness of the compos 
ite electrode is approximately 95 um. It is contemplated that 
other semiconductor films may be used without deviating 
from the scope of the invention, including, but not limited to, 
a film made with titanium oxide. 
The membrane layer 40 includes ferroelectric particles, 

such as a PVDF copolymer, dissolved into an anhydrous 
aprotic solvent, such as tetrahydrofuran (THF). The resulting 
Solution is added to a parent electrolyte. An exemplary 
embodiment of the membrane layer 40 is prepared by the 
following steps. One gram (1g) of the PVDF copolymer, such 
as KYNAR FLEXOR supplied by Arkema, Inc., is dissolved 
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4 
into ten grams (10 g) of the THF. The parent electrolyte is 
preferably 0.5M lithium hexafluorophosphate (LiPF) dis 
solved into a solution of ethylene carbonate (EC) and dim 
ethyl carbonate (DMC). The solution of EC and DMC is 
preferably a one-to-one (1:1) ratio by volume. Two and one 
half grams (2.5 g) of the parent electrolyte is added to the 
PVDF/THF solution. The resulting slurry is spread onto a 
glass slide dried for 24hours, producing a gel with a thickness 
of about 40 Lum. The resulting membrane layer 40 is soaked in 
the parent electrolyte for 30 minutes prior to assembly of the 
photovoltaic device 10. 
The photovoltaic device 10 may be assembled by placing 

the membrane layer 40 between the semiconductor layer 50 
on the inner surface 24 of the transparent electrode 20 and the 
inner surface 34 of the second electrode 30. The transparent 
and second electrodes 20 and 30, respectively, are secured 
together, for example, by glue or epoxy, thereby retaining the 
membrane layer 40 therebetween. 

In operation, the photovoltaic device 10 receives solar 
energy, hv, incident on the transparent electrode 20, as shown 
in FIG. 2. The Solar energy, hv, is made up of photons having 
varying levels of energy as a function of their wavelength. The 
photons pass through the transparent electrode 20 and are 
received by the semiconductor layer 50. A portion of the 
photons are absorbed by the silicon particles 60 in the semi 
conductor layer 50. Photons that are absorbed by silicon 
particles 60 and that have the proper wavelength, and hence 
the appropriate level of energy, cause electrons in the silicon 
particles 60 to be transferred from the valence band to the 
conduction band of the silicon particle 60 according to the 
photovoltaic effect. These electrons are then free to move 
within the semiconductor layer 50 and, if the photovoltaic 
device 10 were connected to an electric circuit, to flow 
through the circuit. 

Elevation of the electrons from the valence band to the 
conduction band generates a corresponding hole in the sili 
con. The conduction electrons result in negatively charged 
particles "- and the holes result in positively charged par 
ticles '+'. As shown in FIG. 2, the holes are subsequently 
injected into the ITO on the transparent electrode 20 and the 
negatively charged particles '-' remain in the silicon par 
ticles 60. As long as the photovoltaic device 10 remains 
exposed to the Solar energy, hv, this photovoltaic process 
continues, establishing a Voltage potential across the photo 
voltaic device. If the photovoltaic device 10 is connected to an 
electric circuit, the Voltage potential would cause electrons to 
flow from the second electrode 30 returning to the transparent 
electrode 20 where they could recombine with the holes. If the 
photovoltaic device 10 is not connected to an electric circuit, 
the electron-hole pairs are generated until an equilibrium 
point is reached. At this equilibrium point, the photovoltaic 
device 10 is considered charged and has reached its maximum 
open-circuit Voltage potential available on the photovoltaic 
device 10 between the transparent and second electrodes 20 
and 30, respectively. 

Having established a Voltage potential on the photovoltaic 
device 10, the ferroelectric particles operate to store the 
mobile charge and maintain the Voltage potential once the 
Solar energy, hv, is no longer incident on the transparent 
electrode 20. Ferroelectric particles become polarized in the 
presence of an electric field, such as that established by the 
electron-hole pairs generated in the photovoltaic device 10, 
and remain polarized when the electric field is removed. As a 
result, the Voltage potential generated via the photovoltaic 
effect is retained and the mobile charge is stored by a ferro 
electric effect when the incident light is removed. Thus, the 
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photovoltaic device 10, as disclosed herein, is capable of 
directly harvesting and storing Solar energy, hv. 

Referring next to FIGS. 3-7, the performance of an exem 
plary embodiment of the invention is illustrated. A photovol 
taic device 10 is assembled as previously described, having a 
transparent electrode 20 made of glass sputtered with ITO. 
The semiconductor layer 50 is a film made of intrinsic silicon 
(or alternatively, p-type silicon, n-type silicon, or titanium 
oxide), a PVDF copolymer, and NMP. The membrane layer 
40 is a PVDF copolymer and THF dissolved in a parent 
electrolyte, and the second electrode 30 is glass sputtered 
with Au. A white light source emitting radiance of 1000 watts 
per square meter is directed toward the transparent electrode 
20. As shown in FIG. 3, the open-circuit voltage between the 
transparent and second electrodes 20 and 30, respectively, 
increases from OV to 0.47V in approximately 20 seconds. The 
open-circuit voltage remains at about 0.47V with subsequent 
exposure, indicating that the photovoltaic device 10 has 
reached a charged equilibrium state. After removing the white 
light Source and placing the photovoltaic device 10 in a dark 
environment, the open-circuit Voltage does not drop signifi 
cantly over the first 24 hours and remains at about 50% of the 
original value after 4 days, as illustrated in FIG. 4. 
The amount of mobile charge retained within the photo 

voltaic device 10 is determined by measuring the current 
output when short-circuiting the electrodes, 20 and 30, and 
integrating under the resulting curve, as shown in FIG. 5. The 
photovoltaic device 10 initially generates 0.75 mA and has a 
storage capacity of about 37.6 mC/cm. FIG. 6 illustrates the 
capacity of the photovoltaic device 10 to retain the mobile 
charge over time. In addition, the photovoltaic device 10 may 
both supply current to an electric circuit, if connected, and 
charge the photovoltaic device 10 simultaneously. FIG. 7 
graph compares a discharge cycle of the photovoltaic device 
10 with no incident solar energy, hv, present to its ability to 
Supply current to a connected circuit and build charge in the 
presence of Solar energy, hv. 

It should be understood that the invention is not limited in 
its application to the details of construction and arrangements 
of the components set forth herein. The invention is capable of 
other embodiments and of being practiced or carried out in 
various ways. Variations and modifications of the foregoing 
are within the scope of the present invention. It is also under 
stood that the invention disclosed and defined herein extends 
to all alternative combinations of two or more of the indi 
vidual features mentioned or evident from the text and/or 
drawings. All of these different combinations constitute vari 
ous alternative aspects of the present invention. The embodi 
ments described herein explain the best modes known for 
practicing the invention and will enable others skilled in the 
art to utilize the invention. 
We claim: 
1. A photovoltaic device for converting Solar energy to 

electrical energy, comprising: 
a transparent electrode for receiving the Solar energy 

thereon; 
a second electrode disposed opposite from the transparent 

electrode; and 
a medium disposed between the transparent electrode and 

the second electrode, the medium including a semicon 
ductor layer and a membrane layer disposed between the 
semiconductor layer and the second electrode: 

wherein: 
the medium being configured to establish a Voltage poten 

tial between the transparent electrode and the second 
electrode in response to receipt of the Solar energy on the 
transparent electrode; and 
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6 
the medium being configured to maintain the Voltage 

potential between the transparent electrode and the sec 
ond electrode in response to the absence of the solar 
energy on the transparent electrode. 

2. The photovoltaic device of claim 1 wherein the semi 
conductor layer further comprises: 

a dipolar aprotic solvent; 
a plurality of ferroelectric particles dissolved in the dipolar 

aprotic solvent; and 
a plurality of semiconductor particles mixed in the Solution 

of ferroelectric particles and dipolar aprotic solvent. 
3. The photovoltaic device of claim 2 wherein the mem 

brane layer further comprises: 
an anhydrous aprotic solvent; 
a plurality of ferroelectric particles dissolved in the anhy 

drous aprotic solvent; and 
an electrolyte mixed in the solution of ferroelectric par 

ticles and anhydrous aprotic solvent. 
4. The photovoltaic device of claim 3 wherein the trans 

parent electrode is glass sputtered with conductive indium tin 
oxide. 

5. The photovoltaic device of claim 3 wherein the second 
electrode is glass sputtered with gold. 

6. The photovoltaic device of claim 3 wherein the semi 
conductor particles are intrinsic silicon. 

7. The photovoltaic device of claim 3 wherein the electro 
lyte further comprises a solution of ethylene carbonate (EC) 
and dimethyl carbonate (DMC) with lithium hexafluorophos 
phate dissolved in the solution of EC and DMC. 

8. The photovoltaic device of claim 7 wherein the solution 
of EC and DMC is combined in a ratio of one-to-one by 
volume. 

9. The photovoltaic device of claim 3 wherein the ferro 
electric particles in each of the semiconductor layer and the 
membrane layer are polyvinylidene fluoride. 

10. The photovoltaic device of claim3 wherein the dipolar 
aprotic solvent of the semiconductor layer is N-methylpyrro 
lidinone. 

11. The photovoltaic device of claim 3 wherein the anhy 
drous aprotic solvent of the membrane layer is tetrahydrofu 
a. 

12. A photovoltaic device for converting Solar energy to 
electrical energy, comprising: 

a transparent electrode: 
a second electrode disposed opposite from the transparent 

electrode; and 
a medium disposed between the transparent electrode and 

the second electrode, the medium including: 
an electrolyte; 
a plurality of semiconductor particles; 
a plurality of ferroelectric particles bound with the semi 

conductor particles; and 
a membrane disposed on a surface of the second elec 

trode: 
wherein: 

the medium being configured to establish a Voltage poten 
tial between the transparent electrode and the second 
electrode in response to receipt of the Solar energy on the 
transparent electrode; and 

the medium being configured to maintain the Voltage 
potential between the transparent electrode and the sec 
ond electrode in response to the absence of the solar 
energy on the transparent electrode. 

13. The photovoltaic device of claim 12, wherein: 
the transparent electrode is glass sputtered with conductive 

indium tin oxide; 
the second electrode is glass sputtered with gold; 
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the semiconductor particles are intrinsic silicon; 
the electrolyte further includes a solution of ethyl carbon 

ate (EC) and dimethyl carbonate (DMC) with lithium 
hexafluorophosphate dissolved in the solution of EC and 
DC; 

the ferroelectric particles are polyvinylidene fluoride; and 
the membrane includes polyvinylidene fluoride. 

k k k k k 


