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is provided between the tlexible metal substrate and the transparent electrode layer. Also, various tandem solar cell embodiments
including a perovskite solar cell and either a quantum dot solar cell, and organic solar cell or a thin film solar cell.
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PEROVSKITE SOLAR CELL CONFIGURATIONS
CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority under 35 U.S.C. § 119(e) from U.S.
provisional patent application no. 62/536,111, entitled “Perovskite Solar Cell
Configurations” and filed on July 24, 2017, the contents of which are incorporated

herein by reference.
BACKGROUND OF THE INVENTION

1. Field of the Invention
The present invention relates to solar cells, and, in particular, to a
number of perovskite solar cell configurations, such as, without limnitation, tlexible

and stable perovskite solar cells.

2. Description of the Related Art

Solar energy has attracted huge attention as a promising alternative to
fossil fuel energy (which is regarded as a major source of the green-house effect).
However, to replace fossil fuel energy on a worthwhile scale, the manufacturing costs
of solar cells need to be decreased and/or the power conversion efficiency (PCE) of
solar cells needs to be increased. Recently, organic-inorganic perovskite
semiconductors, such as halide perovskite (CH;NH3Pb Xz, X=halogen ions}, have
been found to be an excellent light absorber for use in creating highly efficient and
economically viable solar celis, known as halide perovskite solar cells (PSCs). Halide
perovskites have cutstanding optical and electronic properties, such as a high
absorption coefficient (> 10% cm™), a long carrier diffusion length (> 1 pm), high
carrier mobility (25 cm?/Vs), and a suitable band gap spanning the energy of visible
and near infrared light. In addition, simple and cheap synthesis processes can be
applied to the large scale production of halide PSCs. Thus, this emerging hybrid solar
cell has the potential to meet the urgent need for low cost and high efficiency power
generation.

In a typical, known PSC device, a perovskite layer is coated on top of a
mesoporous or planar titanium oxide (T10») layer that 18 provided on a rigid

transparent conducting oxide (TCO) substrate, such as indium tin oxide (ITO)/ glass or
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fluorine doped tin oxide (FTO)Y/glass. Recent studies have shown that highly
crystatline TiO: is necessary as an electron transport layer (ETL) for high efficiency
PSCs. It is known that highly crystalline Ttz may be obtained by annealing the TiO»
layer at a high temperature {e.g., 500°C) before the perovskite layer is coated onto the
Ti0, tayer. This process, however, cannot be applied to flexible polymer substrates,
such as polyethylene terephthalate (PET) and polyethylene naphthalate (PEN), that are
suttable for flexible electronics. To address this problem, the fabrication of n-type
materials at low temperature (under 150°C) has been explored. Specifically, in one
example application, a low-temperature processed TiOx compact layer was deposited
on an indium tin oxide/polyethylene naphthalate ({TO/PEN} substrate through atomic
fayer deposition (ALID} at 80°C, achieving a high power conversion efficiency (PCE)
of 12.2%. 1t has also been reported that amorphous TiO» grown by magnetron
sputtering at room temperature increases the PCE of PSCs on ITO/PEN to 15.07%.
Moreover, in recent years, tlexible PSCs of an tnverted structure (p-i-n) were
designed. The flexible inverted PSCs are composed of NiOx, PhNa-1T, or PEDOT:
PSS as a p-type hole transport layer (HTL) on ITO/polymer substrates. The PCE of
flexible inverted PSCs was only able to reach about 14.7%, which is not as good as
the best performing PSCs on rigid substrates (> 22%}). Recent results indicate that
there is a limitation in increasing the PCE of flexible PSCs without using high-
temperature annealing of the TiO» laver. In addition, the mechanical strength of PSCs
on FTO/polymer substrates is weak due to low fatigue reststance of thick ITO layers
{ca. 200 nm). Since Poisson’s ratio of TTO is smaller than that of CH3NH3PbHI3, ITO
is less bendable than CH3NH3PLI3. Consequently, as PSCs are bent repeatedly, a
crack 1s formed in the ITO layer that propagates through the perovskite layer, resulting
in the degradation of the PSCs.

[e5] There are several alternatives to ITG/plastic substrates, such as
graphene coated polymers, surface treated metal plates and metal meshes. Among
these alternative materials, a metal plate is an aftractive candidate, due to the
capability of high temperature annealing, low manufacturing cost, and excellent
mechanical properties. In fact, there are several studies on PSCs and dye sensitized
solar cells having a titanium metal plate as a substrate, but they are coated with an
additional ETL instead of using the oxidized surface layer of Ti, and the PCE of these

0.
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PSCs is less than 11%. Recently, a metal Ti film on FTO/glass substrate was oxidized
to form an ETL of PSCs. However, such PSCs are not flexible and the PCE of such
PSCs built on a surface oxidized Ti film/FTO/glass substrate has been only about 13
5. In addition, this type of PSC suffers from hysteresis, which is attributed to the poor

quality of ETL.
SUMMARY OF THE INVENTION

[ 06} In one embodiment, a perovskite solar cell 1s provided that includes a
flexible metal substrate including a metal foul layer, a perovskite layer, and a
transparent electrode layer including a dielectric/metal/dielectric structure. The
perovskite layer i1s provided between the flexible metal substrate and the transparent
electrode layer, and the transparent electrode laver enables illumination of the
perovskite layer through the transparent electrode layer.

07} Tn another embodiment, a perovskite solar cell 13 provided that includes
a flexible metal substrate including a metal doped TiO; layer, a perovskite layer, and a
transparent electrode layer, wherein the perovskite layer is provided between the
flexible metal substrate and the transparent electrode layer.

08} In still another embodiment, a method of making a perovskite solar cell
ts provided. The method includes providing a Ti foil layer, providing a layer of metal
on top of the Ti foil layer, thermally oxidizing the Ti foul layer and the layer of metal
to form a metal doped Ti0O; layer, providing a perovskite layer on top of the metal
doped TiO; layer,

109} In yet another embodiment, a tandem solar cell is provided that
includes a perovskite solar cell as described above, and a quantum dot solar cell or an
organic solar cell. If a quantum dot solar cell 1s used, it includes a guantum dot layer,
where the quantum dot layer is provided on top of the transparent electrode layer of
the perovskite solar cell. If an organic solar cell is used, it includes a polymer layer,
where the polymer layer 15 provided on top of the transparent electrode layer of the
perovskite solar cell. A second transparent electrode layer including a
dielectric/metal/dielectric structure is also included, wherein the second transparent

electrode layer is provided on top of the quantum dot layer or the polymer layer.
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In a further embodiment, an alternative tandem solar cell is provided
that includes a thin-film solar cell, a first transparent electrode layer including a
dielectric/metal/dielectric structure, wherein the first transparent electrode layer is
provided on top of the thin-film solar cell, a perovskite layer provided on top of the
first transparent electrode layer, and a second transparent electrode layer including a
dielectric/metal/dielectric structure, wherein the second transparent electrode layer is
provided on top of the thin-film solar cell.

In another embodiment, an alternative perovskite solar cell is provided
that includes a substrate, a perovskite layer provided on the substrate, and a hole
transport material layer provided on the perovskite layer, wherein the perovskite layer
and the hole transport material layer together have a matched work function (1.e, a
first work function) for hole transport from the perovskite layer to the hole transport
tayer. The perovskite solar cell further includes a transparent electrode layer including
a dielectric/metal/dielectric structure, wherein the perovskite layer and the hole
transport material layer are provided between the substrate and the transparent
electrode layer, wherein the work function of the dielectric/metal/dielectric structure
{i.e, a second work tunction) facilitates the hole transport from the hole transport
layer to the transparent layer of the dielectric/metal/dielectric structure and matches
the first work function.

In still a further embodiment, a method of making a perovskite solar
cell including a perovskite layer, a hole transport material {ayer and a transparent
electrode layer including a dielectric/metal/dielectric structure is provided, wherein
the perovskite layer and the hole transport material layer together bave a first work
function. The method includes selecting dielectric and metal matenials for the
dielectric/metal/dielectric structure so that the dielectric/metal/dielectric structure has
a second work function that matches the first work function, providing a substrate,
providing the perovskite layer and the hole transport material layer on the substrate,
and providing the transparent electrode layer on the perovskite layer and the hole
transport material layer such that the perovskite layer and the hole transport material

laver are provided between the substrate and the transparent electrode layer.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 11s a schematic of a flexible perovskite solar cell according to an
exemplary embodiment of the disclosed concept;

FIG. 2 1s a schematic diagram of a tandem solar cell according to an
alternative embodiment of the disclosed concept;

FIG. 3 15 a schematic diagrar of a tandem solar cell according to a
turther alternative embodiment of the disclosed concept; and

FIG. 4 is a schematic diagram of a tandem solar cell according to still a

further alternative embodiment of the disclosed concept.
DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

As used herein, the singular form of “a”, “an”, and “the” include plural
references unless the context clearly dictates otherwise.

As used herein, the staternent that two or more parts or components are
“coupled” shall mean that the parts are joined or operate together either directly or
indirectly, 1.e., through one or more intermediate parts or components, so long as a
link occurs.

As used herein, “directly coupled” means that two elements are directly
in contact with each other.

As used herein, the term “number” shall mean one or an integer greater
than one (i.e,, a plurality}.

As used herein, the term “perovskite” shall mean an organic-inorganic
halide compound with a perovskite crystal structure.

As used herein, the term “dielectric/metal/dielectric structure” shall
mean a structure where a metal is provided between two dielectric materials {e.g., a
top dielectric material and a bottom dielectric} in a multilayer structure. In one
particular, non-timiting implementation of a dielectric/metal/dielectric structure, the
metal 1s provided directly on the top surface of the bottom dielectric material and the
top dielectric matenial is provided directly on the top surface of the metal.

As used herein, the term “nanoscale” shall mean an object having a

size {e.g., diameter or width) ranging from 1 nm to | pm (1,000 nm).
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As used herein, the term “guantum dot” shall mean a nanoscale
semiconductor particle.

As used herein, the term “quantum dot layer” shall mean a layer of
material including a number of quantum dots.

As used herein, the term “thin-film solar cell” shall mean a solar ceil
baving one or more thin layers/thin-films of photovoltaic material provided on a
substrate, such as silicon (S1), glass, plastic or metal. The photovoltaic material may
include, for example and without limitation, amorphous thin-film $i, cadmium
telturide (CdTe), or copper indium gallium selenide (CIGS).

As used herein, the term “organic solar cell” shall mean a solar cell
having one or more layers of photovoltaic material in the form of a conductive organic
polymer for light absorption and charge transport to produce electricity provided on a
substrate, such as a polymer substrate.

As used herein, the term “provided on” or “provided on top of” shall
mean that an element or material is (1) provided directly on or on top of another
element or material, or (it) provided indirectly on or on top of another element or
material with one or more intervening elements or materials being provided between
the element or material and the another element or material.

Directional phrases used herein, such as, for example and without
limitation, top, bottom, left, right, upper, lower, front, back, and derivatives thereof,
relate to the orientation of the elements shown in the drawings and are not limiting
upon the claims unless expressly recited therein

The disclosed concept will now be described, for purposes of
explanation, in connection with numerous specific details in order to provide a
thorough understanding of the subject innovation. It will be evident, however, that the
disclosed concept can be practiced without these specific details without departing
from the spirit and scope of this innovation.

FIG. 11s a schematic diagram of a flexible perovskite solar cell 2
according to an exemplary embodiment of the disclosed concept. As seen 1n the FIG.
1, perovskite solar cell 2 is a multi-layer structure, each layer of which is described in

detail below.

t
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132} Referring to FIG. 1, perovskite solar cell 2 includes a flexible metal
substrate assembly 4 that comprises two parts: (1) a titanium foul layer 6, and (i) a
metal doped TiO: layer 8 provided on the top surface of titanium foil layer 6. In the
exemplary embodiment, metal substrate assembly 4 1s formed as follows. First, a thin
(e.g., 0.5-5 nm) layer of a metal, such as, without limitation, aluminum (Al), tantalum
(Ta), iron (Fe) or niobium (Nb}, is coated onto the top surface of a titanium foil using
a suitable method, such as e-beam evaporation, thermal evaporation or sputtering. The
coated titanium foil is then thermally oxidized (annealed) at a high temperature (e.g.,
300-700°C) wn a first annealing step. In the exemplary embodiment, the coated
titantum foil is then further annealed at high temperature (e.g., 400°C) in ambient
oxygen. These annealing steps cause the coated metal to be doped into the oxide being
formed from the titanium foil, which results in the formation of metal doped Ti(h
laver § on top of titanium fotl layer 6 as shown in FIG. 1. The metal doped TiO: layer
8 as just described 1s beneficial because it increases current density of solar cells and
eliminates hysteresis effects that are otherwise present in known PSC devices. More
specifically, as described elsewhere herein, in a conventional PSC structure, TiO»
nanoparticles are coated onto the surface of a transparent electrode coated glass as an
electron transport layer. Such a TiO» nanoparticle layer, however, causes hysteresis of
the J-V curve of the PSC device due to a dependence of electric current density on the
electric field speed and direction. The metal doped TiO» layer 8 of the disclosed
concept can eliminate this hysteresis effect by reducing the defect density of TiO» near
the perovskite/T10: interface and changing the surface charge status of the Ti02 layer.

133} Perovskite solar cell 2 further includes a perovskite layer 10 that is
provided on the top surface of metal substrate assembly 4. In the non-limiting
exemplary embodiment, perovskite fayer 10 is a fayer of CH3NH3PbIs that ts coated
{using a suitable method such as spin coating) onto the top surface of metal substrate
assembly 4, although other perovskites are conternplated within the scope of the
disclosed concept. A hole transport material (HTM) layer 12 is provided on the top
surface of perovskite layer 10 using a process such as spin coating. In the non-limiting
exemplary embodiment, hole transport material layer 12 is made of poly(3,4-
ethylenedioxythiophene} polystyrene sulfonate (PEDOT:PSS), although other suitable
materials are contemplated within the scope of the disclosed concept.

-7
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134} Finally, a transparent electrode layer 14 1s provided on the top surface
of hole transport material layer 12, In the exemplary environment, transparent
electrode layer 14 15 a flexible dielectric/metal/dielectric multilayer structure wherein
a metal material is sandwiched between two dielectric materials. In the exemplary
embodiment, the three lavers of the flexible dielectric/metal/dielectric multilayer
structure are sequentially deposited using a physical vapor deposition method such as
e-beam evaporation. The dielectric/metal/dielectric multilayer structure may be a
number of different material combinations such as, without limitation, Mo(Q/Au/MoQO,
Ti(/Au/Mo(, ZnC/Ag/NiO, MoO/Al/MoO or Mo(3/Ag/Ni(.

135} Because both metal substrate assembly 4 and transparent electrode
layer 14 in the form of the dielectric/metal/dielectric multilayer structure are flexible,
perovskite solar cell 2 as a whole 1s very flexible/bendable and may be used in
applications, such as wearable electronics, which require flexibie components. This is
in contrast to conventional PSC structures which, as described elsewhere herein, use
transparent electrodes and/or coated glass substrates that are rigid. In fact, the present
inventors have determined through experimental testing that perovskite solar cell 2 as
described herein will not show cracks or degraded PCE after repeated bending {e.g.,
one test that was performed was a 1000 time-cyclic bending test at a bending radius of
4 mm).

(36} Furthermore, it has been determined that perovskite solar cell 2
demonstrates enhanced stability under light illumination. In particular, aging of
conventional PSCs under UV illumination is well-known and is attributed to the
photovoltaic effect of UV light on the TiO» tn such conventional PSCs. Perovskite
solar cell 2 of the disclosed concept resolves this photo-aging problem by changing
the hight illumination direction to a top~-dlumination direction. In particular, in contrast
to a conventional PSC structure wherein the light illumination is from the bottom
direction, in perovskite solar cell 2, light is incident from the top direction through
transparent electrode layer 14 comprising the dielectric/metal/dielectric multilayer
structure. Since perovskite layer 10 in perovskite solar cell 2 will absorb UV light,
metal doped TiO» layer will not be exposed to UV light and, as a result, reactive
radical tons will not be produced during the solar power/electricity conversion

process.
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137} A turther advantage of perovskite solar cell 2 is the fact that
transparent electrode layer 14 that includes the dielectric/metal/dielectric multilayer
structure functions as a passivation layer that prevents undesired aging of perovskite
solar cell 2 due to humidity and oxygen in the air. Aging of current prior art PSCs due
to humidity and oxygen in the air is a substantial problem which prevents
commercialization of PSCs. According to an aspect of the disclosed concept,
perovskite laver 10 is passivated by transparent electrode 14 such that perovskite layer
10 does not come into contact with air and such that water does not penetrate into the
perovskite layer 10. As a result, undesirable aging of perovskite solar cell 2 is
prevented. Furthermore, in a case where multiple perovskite solar cells 2 are used
within a structure, the space between such unit cells may be covered by a dielectric
tayer using known deposition techniques such as e-beam deposition and atomic layer
deposition, thereby increasing the passivation and protection of each of the unit cells.

138} One particular exemplary embodiment of the disclosed concept
involves controlling the work function of transparent electrode layer 14 by designing
the dielectric/metal/dielectric structure thereof in order to maximize electron flow and
mimmize electron accumulation in the semiconductor side of the semiconductor-
electrode junction. As is known in the art, work function indicates the energy (for
example, in Joules) that 1s required to excite electrons from Fermi level to vacuum
level. The work function difference between two materials represents the easiness of
electron (or hole} flow from one material to the other. In this particular exemplary
embodiment, the specific materials of the dielectric/metal/dielectric structure of
transparent electrode layer 14 are chosen so that transparent electrode layer 14 has a
work function that is tuned to “maich” the work function of the combination of
perovskite layer 10 and hole transport material layer 12, As used herein, the work
functions of two materials will be considered to “match” one another if the work
function of one of the materials is within 15% of the work function of the other of the
materials.

139} FIG. 2 is a schematic diagram of a tandem solar cell 16 according to an
alternative embodiment of the disclosed concept. Tandem solar cell 16 is a stacked
solar cell structure that includes a quantum dot solar cell 18 stacked on top of a
perovskite solar cell 2 as described herein. More specifically, as seen in FIG. 2,

-9.
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quantum dot solar cell 18 includes a guantum dot fayver 20, which, in the exemplary
ittustrated embodiment, 1s a lead sulfide (PbS) quantum dot layer, and a transparent
electrode 14 as described elsewhere heretn that is provided on the top surface of
quantum dot layer 20. Quantum dot solar cell 18 1s structured to absorb photons
having a first bandgap energy (¢.g., a high bandgap energy), and pass photons having
a different, second bandgap energy (e.g., a low bandgap energy). Thus, in operation,
as light illuminates tandem solar cell 16, photons having the first bandgap energy will
be absorbed by quantum dot solar cell 18, and photons having the second bandgap
energy that are not absorbed by quantum solar cell 18 will be absorbed by perovskite
solar cell 2. Tandem solar cell 16 thus increases the absorption efficiency as compared
to a solar cell structure including only a single type of solar cell.

U] FIG. 3 15 a schematic diagram of a tandem solar cell 22 according to a
turther alternative embodiment of the disclosed concept. Tandem solar cell 22 is
similar to tandem solar cell 16, except that tandem solar cell 22 includes an organic
solar cell 24 instead of a quantum dot solar cell 18,

141} FIG. 4 15 a schematic diagram of a tandem solar cell 20 according to
still a further alternative embodiment of the disclosed concept. As described in detail
below, tandem solar cell 26 s a thin-film-perovskite tandem cell structure. Tandem
solar cell 26 includes a thin-film solar cell 28 which, in the non-limiting exemplary
embodiment, is a S1 thin-film solar cell wherein a thin-film of amorphous Si is
deposited on a glass substrate. A transparent electrode 14 as described elsewhere
herein is provided on the top surface of thin-film solar cell 28. A perovskite layer 10
as described elsewhere herein is provided on the top surface of transparent electrode
14, and a hole transport material layer 12 as described elsewhere herein is provided on
the top surtace of perovskite layer 10, Finally, a second transparent electrode 14 as
described elsewhere herein ts provided on the top surface of hole transport to layer 12
Tn tandem solar cell 26, the first transport electrode layer 14 functions as an
interconnection for the device.

142} In the claims, any reference signs placed between parentheses shall not
be construed as limiting the claim. The word “comprising” or “including” does not
exclude the presence of elements or steps other than those listed in a claim. Ina
device claim enumerating several means, several of these means may be embodied by

- 10~
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[Pl

one and the same item of hardware. The word “a” or “an” preceding an element does
not exclude the presence of a plurality of such elements. In any device claim
enumerating several means, several of these means may be embodied by one and the
same iterm of hardware. The mere fact that certain elements are recited in mutually
different dependent claims does not indicate that these elements cannot be used i
combination,

Although the invention has been described in detail for the purpose of
iltustration based on what is currently considered to be the most practical and
preferred embodiments, i1t is to be understood that such detail is solely for that purpose
and that the invention is not limited to the disclosed embodiments, but, on the
contrary, is intended to cover modifications and equivalent arrangements that are
within the spirit and scope of the appended claims. For example, it1s to be
understood that the present invention contemplates that, to the extent possible, one or
more features of any embodiment can be combined with one or more features of any

other embodiment.

- 11 -
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What is Claimed is;

I. A perovskite solar cell, comprising:
a flexible metal substrate including a metal foil layer;
a perovskite layer; and
a transparent electrode layer including a dielectric/metal/dielectric
structure, wherein the perovskite layer is provided between the flexible metal
substrate and the transparent electrode layer, and wherein the transparent electrode
layer enables illumination of the perovskite layer through the transparent electrode

layer.

2. The perovskite solar cell according to claim 1, wherein the metal foil

layer is a titantum foil layer.

3. The perovskite solar cell according to claim 1, wherein the metal of the

dielectric/metal/dielectric structure is Au, Al or Ag.

4. The perovskite solar cell according to claim 1, wherein the

dielectric/metal/dielectric structure includes at least one of TiGh, 200, MoQ and NiO.

S. The perovskite solar cell according to claim 1, wherein the
dielectric/metal/dielectric structure comprises MoO/Au/MoO, TiO/Au/Mo(,
Zn0/Ag/NiO, MoO/AIMoO or MoG/Ag/MNiO.

6. A perovskite solar cell, comprising:
a flexible metal substrate including a metal doped Ti0; laver;
a perovskite layer; and
a transparent electrode layer, wherein the perovskite faver is provided

between the flexible metal substrate and the transparent electrode layer.

-17 -



WO 2019/023052 PCT/US2018/043043

7. The perovskite solar cell according to claim 6, wherein the metal doped

Ti0, layer s an aluminum doped Ti(; layer.

3. The perovskite solar cell according to claim 6, wherein the metal doped

Ti10 layer is a niobium doped Ti(; layer.

9. The perovskite solar cell according to claim 6, wherein the transparent

electrode layer includes a dielectric/metal/dielectric structure.

10.  The perovskite solar cell according to claim 6, wherein the flexible
metal substrate includes a Ti foil faver, and wherein the metal doped Ti(}; layer is

provided on the Ti foil layer.

1. A method of making a perovskite solar cell, comprising:
providing a Ti foil layer,;
providing a layer of metal on top of the Ti foil layer;
thermally oxidizing the Tt foil layer and the laver of metal to form a
metal doped TiO» layer; and

providing a perovskite layer on top of the metal doped Ti(; layer.

12 The method according to claim 11, wherein the perovskite fayer ts

provided directly on top of the metal doped T10, layer.

13, The method according to claim 11, further comprising providing a hole
transport material layer on top of the perovskite layer and providing a transparent
electrode layer including a dielectric/metal/dielectric structure on top of the hole

transport layer.

14. The method according to claim 11, wherein the layer of metal ts a fayer
of aluminum, tantalum, iron or niobium, and wherein the metal doped Ti(}; layer is an
aluminum doped TiO; layer, a tantalum doped TG, laver, an iron doped Ti0; layer,

or a niobium doped TiO; layer.
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Is. The method according to claim 11, wherein the thermally oxidizing
comprises annealing the Tt foil layer and the laver of metal for a first period at a first
temperature, and annealing the Ti foil layer and the layer of metal in ambient oxygen

for a second period following the first period at a second temperature.

16 A tandem solar cell, comprising:
a perovskite solar cell according to claim 1; and
a second solar cell comprising one of
{1) a quantum dot solar cell comprising:
a quantum dot layer, where the quantum dot layer is provided
on top of the transparent electrode layer of the perovskite solar cell; and
a second transparent electrode layer including a
dielectric/metal/dielectric structure, wherein the second transparent electrode
layer 15 provided on top of the quantum dot layer, or
(i1) an organic solar cell comprising:
a polymer layer, where the polymer layer is provided on top of
the transparent electrode layer of the perovskite solar cell; and
a second transparent electrode layer including a
dielectric/metal/dielectric structure, wherein the second transparent electrode

layer is provided on top of the polymer layer.

17, The tandem solar cell according to claim 16, wherein the second solar

cell 1s the guantum dot solar cell.

18. The tandem solar cell according to claim 17, wherein the quantum dot

layer comprises a PbS quantum dot layer.
19.  The tandem solar cell according to claim 16, wherein the flexible metal
substrate of the perovskite solar cell includes a metal doped Ti0, layer provided on

top of the metal foil layer.

- 14 -
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20. A tandem solar cell, comprising:

a thin-film solar cell;

a first transparent electrode layer including a dielectric/metal/dielectric
structure, wherein the first transparent electrode layer 1s provided ou top of the thin-
film solar cell;

a perovskite layer provided on top of the first transparent electrode
layer; and

a second transparent electrode layer including a
dielectric/metal/dielectric structure, wherein the second transparent electrode layer is

provided on top of the thin-film solar cell.

21.  The tandem solar cell according to claim 20, wherein the thin film

solar cell 1s a §1 solar cell.

22. A perovskite solar cell, comprising:

a substrate;

a perovskite layer provided on the substrate;

a hole transport material layer provided on the perovskite layer,
wherein the perovskite layer and the hole transport material layer together have a first
work function; and

a transparent electrode layer including a dielectric/metal/dielectric
structure, wherein the perovskite layer and the hole transport material layer are
provided between the substrate and the transparent electrode layer, wherein the
dielectric/metal/dielectric structure has a second work function, and wherein the
second work function matches the first work function.

23, A method of making a perovskite solar cell including a perovskite
fayer, a hole transport material layer and a transparent electrode layer including a
dielectric/metal/dielectric structure, wherein the perovskite layer and the hole

transport material layer together have a first work function, the method comprising:

- 15 -



WO 2019/023052 PCT/US2018/043043

selecting dielectric and metal materials for the
dielectric/metal/dielectric structure so that the dielectric/metal/dielectric structure has
a second work function that matches the first work function;

providing a substrate;

providing the perovskite layer and the hole transport material fayer on
the substrate; and

providing the transparent electrode layer on the perovskite layer and
the hole transport material layer such that the perovskite layer and the hole transport

material layer are provided between the substrate and the transparent electrode layer.

24. A method of making metal doped Ti(2, comprising;
providing a Ti foil layer,
providing a layer of metal on top of the Ti foil layer; and
thermally oxidizing the Tt foil layer and the layer of metal to form a

metal doped TiO2 layer.

25 The method according to claim 24, wherein the layer of metal is a layer
of aluminum, tantalum, iron or niobium, and wherein the metal doped TiOZ layer is
an aluminum doped TiO2 layer, a tantalum doped Ti02 layer, an iron doped TiO2

layer, or a niobium doped Ti(2 layer.

26. The method according to claim 24, wherein the thermally oxidizing
comprises annealing the Ti foil layer and the layer of metal for a first period at a first
temperature, and annealing the Ti foil layer and the layer of metal in ambient oxygen

for a second period following the first period at a second temperature.

- 16 ~
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This intemational search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

I. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No.III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

This application contains the following inventions or groups of inventions which are not so linked as to form a single genera! inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I: Claims 1-15, 24-26 are directed toward a perovskite solar cell comprising a perovskite layer and a transparent electrode layer
including a dielectric/metal/dielectric MoO/Au/MoO, TiO2/Au/MoO, ZnO/Ag/NIO, MoO/AI/MoO or MoO/Ag/NIO structure, wherein the
transparent electrode layer enables illumination of the perovskite layer through the transparent electrode layer, and toward a method of
making metal doped TiO2.

Group II: Claims 16-21 are directed toward a tandem solar cell, comprising: a quantum dot solar cell comprising: a quantum dot layer
provided on top of the transparent electrode layer of the perovskite solar cell; and a second transparent electrode layer including a
dielectric/metalidielectric structure provided on top of the quantum dot layer.
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1. D As all required additional scarch fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:I As all searchable claims could be searched without effort justifying additiona! fees, this Authority did not invite payment of
additional fees.

3. |_____| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. % No required additional search fees ‘were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-15, 24-26

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additionat search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:] No protest accompanied the payment of additional search fees.
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-"**-Continued from Box No. lll Observations where unity of invention is lacking-"**-

Group Il: Claims 22-23 are directed toward a perovskite solar cell comprising a hole transport material layer provided on the perovskite
layer, wherein the perovskite layer and the hole transport material layer together have a first work function; and a transparent electrode
layer including a dielectric/metal/dielectric structure, wherein the dielectric/metal/dielectric structure has a second work function, and
wherein the second work function matches the first work function.

The inventions listed as Groups |-l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

the special technical features of Group | include a perovskite solar cell comprising a perovskite layer and a transparent electrode layer
including a dielectric/metal/dielectric MoO/Au/MoO, TiO2/Au/MoO, ZnO/Ag/NIO, MoO/Al/MoO or MoO/Ag/NIO structure, wherein the
transparent electrode layer enables illumination of the perovskite layer through the transparent electrode layer, and toward a method of
making metal doped TiO2, which are not present in Groups H-lII;

the special technical features of Group Il include a tandem solar cell, comprising: a quantum dot solar cell comprising: a quantum dot
layer provided on top of the transparent electrode layer of the perovskite solar cell, and a second transparent electrode layer including a
dielectric/metal/dielectric structure provided on top of the quantum dot layer, which are not present in Groups | and Iil;

the special technical features of Group |l include a perovskite solar cell comprising a hole transport material layer provided on the
perovskite layer, wherein the perovskite layer and the hole transport material layer together have a first work function; and a transparent
electrode layer including a dielectric/metal/dielectric structure, wherein the dielectric/metal/dielectric structure has a second work
function, and wherein the second work function matches the first work function, which are not present in Groups I-II;

The common technical features of Groups I-lli is a solar cell comprising a substrate, a perovskite layer, and a transparent electrode layer
including a dielectric/metal/dielectric structure, wherein the perovskite layer is provided between the substrate and the transparent
electrode layer.

This common technical feature is disclosed by the document entitled ‘Multilayer Transparent Top Electrode for Solution Processed
Perovskite/Cu(In,Ga)(Se,S)2 Four Terminal Tandem Solar Cells to YANG, et al. (hereinafter ‘Yang'). Yang discloses a solar cell
comprising a substrate, a perovskite layer, and a transparent electrode layer including a dielectric/metal/dielectric structure (perovskite
solar cell having a substrate, perovskite layer, and a dielectric/metal/dielectric DMD transparent electrode layer; abstract; page 7716,
first column, second and third paragraphs; page 7718, figure 2), wherein the perovskite layer is provided between the substrate and the
transparent electrode layer (perovskite layer is provided between the substrate and the transparent electrode layer; abstract; page 7716,
first column, third paragraph; page 7718, figure 2).

Since the common technical feature is previously disclosed by Yang, this common feature is not special and so Groups I-lIl lack unity.
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