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Description

Technical Field

[0001] The present invention relates to inverted organic-inorganic perovskite solar cells and methods for producing
the same.

Prior Art and the Problem Underlying the Invention

[0002] The conversion of solar energy to electrical current using thin film third generation photovoltaics (PV) is being
widely explored for the last two decades. The sandwich/monolithic-type PV devices, consisting of a mesoporous pho-
toanode with an organic/inorganic light harvester, redox electrolyte/solid-state hole conductor, and counter electrode,
have gained significant interest due to the ease of fabrication, flexibility in the selection of materials and cost effective
production (Grätzel, M. Acc. Chem. Res. 2009, 42, 1788-1798). Recently, the organometallic halide perovskite based
on tin (CsSnX3) or lead (CH3NH3PbX3) (Etgar, L. et al.; J. Am. Chem. Soc. 2012, 134, 17396-17399), have been
introduced as light harvester to replace traditional metal-organic complex or organic molecules. The lead perovskite
shows a power conversion efficiency (PCE) of 6.54% in liquid electrolyte based devices, while 12.3% in solid state
devices (Noh, J. H. et al.; Nano Lett. 2013, dx. doi, org/10.1021). Unpublished European patent application EP 12179323.6
disclosed a solid-state solar cell comprising a support layer, a surface-increasing scaffold structure, one or more organic-
inorganic perovskite layers provided on the scaffold structure and a counter electrode. In the solar cells reported in this
reference, remarkable conversion efficiencies were achieved in absence of organic hole transporting material or a liquid
electrolyte, which rendered the latter optional In these solid state devices, the perovskite pigment is usually applied from
a solution of two precursors of the perovskite pigment, PbX2 (X = I, Br or Cl) and CH3NH3I, in a common solvent, i.e.
N,N-dimethylformamide (DMF) or y-butyrolactone (GBL). The optimal protocol for the deposition of CH3NH3PbX3 on
TiO2 is achieved by the spin-coating of the precursor (CH3NH3X and PbX2, X = Cl, Br, I) solution on the mesoporous
TiO2 film, followed by low temperature annealing step. The annealing process results in a crystalline CH3NH3PbX3 (Noh
et al cited above). From experience, the morphology of the perovskite crystals formed during this kind of solution process-
ing cannot be well controlled and is one of the reasons for the poor reproducibility of PV cell performance. Unpublished
European patent application EP 13166720.6, of which published WO2014180789 A1 is a family member, an efficient
and reproducible method for the application of the light harvester layer of perovskite pigment on the nanoporous layer
of the current collector. The two precursors of the organic-inorganic perovskite being in solution are separately applied
on the nanoporous layer of the current collector in a two-step deposition, namely a first step for forming a film on the
nanoporous layer with the first precursor and a second step for applying a film of the second precursor, to obtain a layer
comprising the organic-inorganic perovskite pigment.
[0003] These above mentioned solid-state solar cells or devices involve a conventional device architecture, in which
the charge flow, namely the electrons and holes flow, is the following: a photoanode, mesoporous photoanode or current
collector, collects the electrons. Holes are collected by a counter collector and/or metal layer.
[0004] WO 2011/141706 A2 describes inverted and conventional device architectures. In the inverted device archi-
tecture, the anode comprising a hole collecting layer is on the top of the device stack and the electron collecting layer
may be deposited on the transparent conductor. In the conventional device architecture, the hole collecting layer may
be deposited onto the transparent conductor and the cathode comprising the electron collecting layer is on the top of
the stack. These devices further comprise a photoactive layer as active layer comprising an organic dye. Modifying the
surface of the adjacent layers to the photoactive layer by dipping their surface into the organic dye solution increases
the current density in a device with an inverted architecture. US 2011/0079273 A1 also describes a kind of inverted
photovoltaic device architectures comprising an organic sensitizer, in which the presence of a cascade layers reduces
the recombination of the charges (holes and electron) and increases the efficiency. Lee et al. (Science, (2012), vol. 338,
no. 6107, pp. 643-647) discloses solid state solar cells comprising an organic-inorganic perovskite as sensitizer, instead
of an organic dye, on a mesostructured insulating scaffold from TiO2 or Al2O3. These solar cells are solution processable
and the organic-inorganic perovskite is spin-coated. US 6,117,498 describes a method for forming a film of organic-
inorganic hybrid material, in particular organic-inorganic perovskite, said method being based on single source thermal
ablation (SSTA) technique.
[0005] The present invention addresses the disadvantage of the conventional architecture of solid state photovoltaic
device regarding the air-stability of the top electrode (metal layer) of such a device, the poor long-term stability and life-
time of the dcvicc, the cfficicncy and conductivity (separation of the charges) of such a device. The conventional archi-
tecture provides a limited number of possibilities to configure such devices to be optimized. Thus the invention addresses
the problems of corrosion and air-stability of the counter electrode and/or metal layer and of the contact between different
organic layers to generate better ohmic contact and photon harvesting in order to improve the conductivity without
providing heterostructure to facilitate efficient charge carrier generation. Inverting the charges flow in such a device is
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an efficient way to improve the efficiency as well as stability in PV device and in particular in solid state solar cell.
[0006] The invention also addresses the use of organic-inorganic perovskite, which does not need to be in solution
for their application or deposition to form a layer and to avoid the use of solvents, the step of annealing in the fabrication
of the PV cells and the dissolution of the underneath layer of the perovskite layer during the application of this latter.
[0007] The invention pursues to provide an efficient solar cell, which can be rapidly prepared in an efficient way, using
readily available or low cost materials such as conductive material or hole transporting material, for example, using a
short manufacturing procedure based on industrially known manufacturing step, using low temperatures manufacturing
process, and using thin layer of electron and/or hole blocking material, keeping the material costs and the material impact
on the environment very low.
[0008] The present invention addresses the problems depicted above.

Summary of the Invention

[0009] Remarkably, in some aspects, the present inventors have found that an organic-inorganic perovskite layer
sandwiched between a thin electron blocking layer and/or hole transporting layer that blocks electrons and a thin hole
blocking layer and/or electron transporting layer that blocks holes leads to very efficient solar cells.
[0010] The present invention provides a method for producing a solid state solar cell with an inverted architecture and
comprising an organic-inorganic perovskite film and/or organic-inorganic perovskite layer as the sensitizer layer according
to claim 1.
[0011] This method allows the application of the sensitizer layer having a thickness from 250 nm to 350 nm and
consisting of organic-inorganic perovskite by co-deposition of sublimated components of the sensitizer perovskite com-
ponents without heating the other layers of the partially assembled solar cell during the fabrication of said solar cell,
keeping them at comparatively low-temperatures manufacturing process, which are compatible with the use of flexible
substrates for the support layer of solar cell. Said method also allows the deposition of the different components of the
sensitizer layer consisting of organic-inorganic perovskite in one step and without solubilizing the sensitizer layer con-
sisting of organic-inorganic perovskite allowing the time- and cost-saving production of a sensitizer layer comprising
organic-inorganic perovskite in situ without previously mixing the different components for obtaining the sensitizer layer
consisting of organic-inorganic perovskite before its application, without using any solvent to liquefy the components
before applying the sensitizer layer consisting of organic-inorganic perovskite.
[0012] The present invention provides a solid state solar cell having an inverted architecture with an organic -inorganic
perovskite layer of a thickness from 250 nm to 350 nm applied on an electron blocking layer according to claim 6.
[0013] Said solar cell having an inverted architecture further comprises a hole blocking layer applied onto the perovskite
layer, this latter being sandwiched between an electron blocking layer and a hole blocking layer.
[0014] The present invention thus provides a solid solar cell with, the hole collector being on the side of the transparent
front contact (namely an inverted architecture with respect to dye sensitized solar cell) according to claim 6.
[0015] Further aspects are detailed herein below. Preferred embodiments of the invention are defined in the appended
dependent claims.

Brief Description of the Drawings

[0016]

Figure 1A shows shows the sketched configuration of the layout of an inverted solar cell of the invention having a
sensitizer layer consisting of organic-inorganic perovskite sandwiched between an electron blocking layer (EBL/HTL)
and a hole blocking layer (HBL/ETL), the current collector being the top electrode and the hole collector being the
transparent electrode on the side exposed to the light. Figure 1B shows schemes of the Energy levels of the different
materials used respectively for the hole collector, the conductive layer, the electron blocking layer or hole transporting
layer (EBL/HTL), the sensitizer (organic-inorganic perovskite) the hole blocking layer or electron transporting layer
(HBL/ETL) and the current collector of the solar cell (top scheme). In the scheme of bottom left, HBL/ETL blocks
electrons due to the difference in LUMO with respect to conduction band of perovskite layer. In the scheme of bottom
right, EBL/HTL blocks holes due to difference in HOMO with respect to conduction band of perovskite layer.
Figure 2A shows shows the sketched configuration of the layout of an exemplified solid state solar cell of the
invention. Figure 2B shows the schematic of the relative energy levels of each layer. Figure 2C shows the chemical
structures of a polyarylamine derivative (polyTPD) and PCBM.
Figure 3A shows a photograph of an organic-inorganic perovskite layer (60 nm) obtained through co-deposition of
the sublimated component salts of the perovskite (CH3NH3PbI3) and Figure 3B shows an AFM (Atomic Force
Microscopy) image of the same.
Figure 4A shows absorption spectra of perovskite (CH3NH3PbI3) layer having different thickness from the bottom
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curve to the top curve: 20 nm, 60 nm, 250 nm, 350 nm. Figure 4B shows Typical J-V shows J-V curves of a solar
cell of the invention at 100 (dark circle - top curve), 50 (triangle - second curve from the top) and 10 mW cm-2 (triangle
- second curve from the bottom) and in the dark (square - bottom curve). Figure 4C shows IPCE spectrum (square)
and absorbance (open circle) of a 350 nm thick perovskite layer.

Detailed Description of the Preferred Embodiments

[0017] The present invention concerns a new method for producing solid solar cells and solar cells having a non-
conventional design and architecture. The invention also concerns new solid solar cells with an inverted architecture,
namely having the transparent front on the side of the hole collector.
[0018] The method for producing a solid state solar cell comprises the steps of providing a hole collector layer; applying
a conductive layer onto the hole collector layer; applying an electron blocking layer onto the conductive layer; applying
a sensitizer layer onto the electron blocking layer; and providing a current collector and/or a metal layer or a conductor
layer. This latter layer is in electric contact with the sensitizer layer.
[0019] The method for producing a solid state solar cell further comprises a step of applying a hole blocking layer onto
the sensitizer layer. In this configuration the current collector and/or the metal layer or the conductor layer is in electric
contact with the hole blocking layer. The method of invention comprises the steps of providing a hole collector layer;
applying a conductive layer onto the hole collector layer; applying an electron blocking layer onto the conductive layer;
applying a sensitizer layer onto the electron blocking layer; applying a hole blocking layer onto the sensitizer layer and
providing a current collector and/or a metal layer or a conductor layer onto the hole blocking layer.
[0020] For the purpose of the present specification, the expression "in electric contact with" means that electrons or
holes can get from one layer to the other layer with which it is in electric contact, at least in one direction. In particular,
considering the electron flow in the operating device exposed to electromagnetic radiation, layers through which electrons
and/or holes are flowing are considered to be in electric contact. The expression "in electric contact with" does not
necessarily mean, and preferably does not mean, that electrons and/or holes can freely move in any direction between
the layers.
[0021] The method of the invention provides a sensitizer layer having a thickness from 250 nm to 350 nm and consisting
of an organic-inorganic perovskite.
[0022] Not forming part of the invention, the sensitizer layer comprises a further pigment in addition to the organic-
inorganic perovskite pigment, said further pigment selected from organic pigment, organometallic pigment or inorganic
pigment.
[0023] Organometallic sensitizers are disclosed, for example, in EP0613466, EP0758337, EP 0983282, EP 1622178,
WO2006/038823, WO2009/107100, WO2010/055471 and WO2011/039715. Exemplary organic dyes are those dis-
closed in WO2009/098643, EP1990373, WO2007/100033 for example. An organic dye was also used in European
patent application no. EP11161954.0. and in PCT/IB2011/054628. Metal free organic sensitizers such as DPP based
compounds are disclosed, for example, in PCT/IB2013/056648 and in European patent application no. EP12182817.2.
[0024] The term "perovskite", for the purpose of this specification, refers to the "perovskite structure" and not specifically
to the perovskite material, CaTiO3. For the purpose of this specification, "perovskite" encompasses and preferably
relates to any material that has the same type of crystal structure as calcium titanium oxide and of materials in which
the bivalent cation is replaced by two separate monovalent cations. The perovskite structure has the general stoichiometry
AMX3, where "A" and "M" are cations and "X" is an anion. The "A" and "M" cations can have a variety of charges and
in the original Perovskite mineral (CaTiO3), the A cation is divalent and the M cation is tetravalent. For the purpose of
this invention, the perovskite formulae includes structures having three (3) or four (4) anions, which may be the same
or different, and/or one or two (2) organic cations, and/or metal atoms carrying two or three positive charges, in accordance
with the formulae presented elsewhere in this specification.
[0025] Organic-inorganic perovskites are hybrid materials exhibiting combined properties of organic composites and
inorganic crystalline. The inorganic component forms a framework bound by covalent and ionic interactions, which
provide high carrier mobility. The organic component helps in the self-assembly process of those materials, it also
enables the hybrid materials to be deposited by low-cost technique as other organic materials. Additional important
property of the organic component is to tailor the electronic properties of the organic-inorganic material by reducing its
dimensionality and the electronic coupling between the inorganic sheets.
[0026] According to an embodiment, the method of the invention provides the step of applying the sensitizer layer
being performed at a vacuum from 10-2 to 10-10 mbar, 10-2 to 10-7mbar, preferably at 10-6 mbar.
[0027] According to the method of the invention, the step of applying the sensitizer layer consisting of the organic-
inorganic perovskite is performed by deposition by sublimation process, wherein the sensitizer layer comprising an
organic-inorganic perovskite is obtained by co-deposition of one or more sublimated divalent metal salts or sublimated
trivalent metal salts and of one or more sublimated organic ammonium salts. Said deposition may be defined as co-
deposition or deposition by sublimation process. For the purpose of the present specification, the expression "sublimation"
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means that this is the transition from the solid phase of a material (crystal for example) to the gas phase of said material
(or vapor phase) without passing through an intermediate liquid phase at very low pressure, such as high vacuum. The
relative expressions "sublimation temperature" corresponds to the term "heat of sublimation" being the temperature at
which the phase transition from solid to gas without passing through the liquid phase is performed at a defined pressure.
Said temperature depends on the type of the material, substance as well as the pressure in which this phase transition
is performed. The relative expression "sublimated" or "sublimed" qualifies or defines the material (e.g. crystal of chemical
compounds, of salts, of halide salts, of metallic salts, of organic salts), which has undergone a phase transition from the
solid phase to the gas phase without passing through an intermediate liquid phase.
[0028] In an embodiment, the step of applying the sensitizer layer comprises heating the one or more divalent or
trivalent salts and the ammonium salts up to their respective sublimation temperature to obtain a vapor of each salt,
depositing said vapors onto the preceding layer and forming the inorganic-organic perovskite. This step or the process
of fabrication the device may be performed without heating said device. Actually, the preceding layer is the electron
blocking layer and/or the hole transporting layer of the partially assembled solar cell. Said step of depositing may be
performed in a one step process as described above or in a multiple-steps process, wherein each salt forming the
organic-inorganic perovskite is sublimated separately and deposited separately in several steps onto the preceding layer
for forming the organic-inorganic perovskite layer.
[0029] According to an embodiment, said one or more divalent metal salts or said one or more trivalent metal salts,
which are heated to their respective sublimation temperature, are selected from salts of formula MX2 or of formula NX3,
respectively, wherein: M is a divalent metal cation selected from the group consisting of Cu2+, Ni2+, Co2+, Fe2+, Mn2+,
Cr2+, Pd2+, Cd2+, Ge2+, Sn2+, Pb2+, Eu2+, or Yb2+; N is selected from the group of Bi3+ and Sb3+; any X is independently
selected from Cl-, Br-, I-, NCS-, CN-, and NCO-. Preferably, said metal salt is MX2.
[0030] According to a preferred embodiment, said metal salt is a metal halide. Preferably, in case two or more different
metal salts are used, these are different metal halides.
[0031] According to an embodiment, said organic ammonium is selected from AX and BX2, A being an organic,
monovalent cation selected from primary, secondary, tertiary or quaternary organic ammonium compounds, including
N-containing heterorings and ring systems, A having from 1 to 60 carbons and 1 to 20 heteroatoms; and B being an
organic, bivalent cation selected from primary, secondary, tertiary or quaternary organic ammonium compounds having
from 1 to 60 carbons and 2 to 20 heteroatoms and having two positively charged nitrogen atoms. Preferably, said organic
ammonium is selected from AX.
[0032] Preferred embodiments for A, B, M, N and X are disclosed elsewhere in this specification.
[0033] In a preferred embodiment, the divalent metal salts are of formula MX2 and the trivalent metal salts are of
formula NX3, M being a divalent metal cation selected from the group consisting of Cu2+, Ni2+, Co2+, Fe2+, Mn2+, Cr2+,
Pd2+, Cd2+, Ge2+, Sn2+, Pb2+, Eu2+, or Yb2+, N being selected from the group of Bi3+ and Sb3+, and, X being independently
selected from Cl-, Br-, I-, NCS-, CN-, and NCO-; and the organic ammonium salts being selected from AX, AA’ X2, and
BX2, A and A’ being independently selected from organic, monovalent cations selected from primary, secondary, tertiary
or quaternary organic ammonium compounds, including N-containing heterorings and ring systems, A and A’ having
from 1 to 60 carbons and 1 to 20 heteroatoms; and B being an organic, bivalent cation selected from primary, secondary,
tertiary or quaternary organic ammonium compounds having from 1 to 60 carbons and 2 to 20 heteroatoms and having
two positively charged nitrogen atoms, and, X being independently selected from Cl-, Br-, I-, NCS-, CN-, and NCO-.
[0034] When more than one divalent metal salt is applied and/or deposited, the two different salts are sublimated and
applied by co-deposition at the same time or in two-steps. For example, in case of deposition from a crystal, the crystal
may contain different metal salts, which have been recrystallized together or the deposition may be performed from
different crystals from different divalent salts, being sublimated at different temperature according to their respective
sublimation temperature. Said different metals salts preferably differ with respect to the anion.
[0035] According to an embodiment, the method of the invention comprises the steps of applying the sensitizer layer
by co-deposition of two or more sublimated divalent salts selected from MXi

2 MXii
2 and MXiii

2, wherein Xi, Xii and Xiii
(charge not shown) are each different anions selected from I-, Cl-, Br-, I-, NCS-, CN-, and NCO-, preferably from I-, Cl-,
and Br-.
[0036] A mixed perovskite is obtained if the sublimated metal salt, in the state of vapor, comprising MXi

2 and MXii
2,

or MXi
2, MXi

i2 and MXiii
2, for example, may be co-deposited and/or combined with a sublimated organic ammonium salt,

namely in the state of vapor, in accordance with the invention, which may be selected, independently from any one of
AXi, AXii and AXiii, under high vacuum, namely from 10-2 to 10-10 mbar, 10-2 to 10-7 mbar, preferably at or at least at
10-6mbar.
[0037] Preferably, if the sublimated metal salt comprises MXi

2 and MXii
2, the organic ammonium salt is selected from

salts comprising one of the anions contained in the sublimated metal salt, for example from AXi or AXii.
[0038] According to an embodiment, the method of the invention comprises the step of applying the sensitizer layer,
wherein said step is performed by co-deposition of two sublimated divalent metal salts, one said salt being MI2 and the
further being selected from MCl2 and MBr2 and of the sublimated ammonium organic salt AX, X being I- and A defined
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as above or below. Preferably, M is Pb and/or A is CH3NH3
+.

[0039] According to an embodiment, the method of the invention comprises the step of applying the sensitizer layer,
wherein said step is performed by co-deposition of two sublimated divalent metal salts, one said salt being MCl2 and
the further being selected from MI2 and MBr2 and of the sublimated ammonium organic salt AX, X being I- and A defined
as above or below. Preferably, M is Pb and/or A is CH3NH3

+.
[0040] According to a preferred embodiment, the co-deposition of the one or more sublimated organic ammonium
salts with the one or more sublimated divalent or trivalent metal salts concerns the co-deposition of one single and/or
one structurally defined organic ammonium salt. Preferably, not a mixture of different sublimated organic salts is co-
deposited. This is preferably valid irrespective from whether a mixture of different sublimated metal salts or if a single
type of sublimated metal salts was co-deposited in the method of the invention.
[0041] In a further embodiment, the method of the invention comprises the step of applying the sensitizer layer, wherein
said step is performed by co-deposition of sublimated MiX2 with sublimated MiiX or sublimated MiiiX3, and of one or more
sublimated ammonium organic salts as defined herein. In this case Mii and Miii represent monovalent or trivalent cations,
which would constitute a doping with a monovalent or trivalent metal salt, respectively. In the result, n-type or p-type
doped metal salts and eventually perovskites can be obtained.
[0042] In accordance with the above said two different metal salts may be applied, differing with respect to the metal,
but having, for example, identical anions. In this case, metals carrying different charges are preferably applied, resulting
in doped perovskite or doped perovskite pigments.
[0043] In the inventive method, the step of applying the sensitizer layer is performed by one or more methods selected
from physical vapor deposition methods group and/or from chemical vapor deposition. The physical vapor deposition
methods group consists of deposition by sublimation process, cathodic arc deposition, electron beam physical vapor
deposition, thermal evaporation, evaporative deposition, pulse laser deposition, sputter deposition.
[0044] According to another embodiment, the sensitizer layer comprising an organic-inorganic perovskite may be
applied in a first step: under the form of a film of the one or more divalent or trivalent metal salt, which is applied and/or
deposited by a deposition method selected from thermal evaporation, deposition by sputtering, atomic-layer-deposition
(ALD), and in a second step, under the application or deposition by anyone of the method as described above of the
organic ammonium salt, thereby forming in situ the organic-inorganic perovskite layer. The steps of said two-step dep-
osition method may be performed in any order. The sensitizer being an organic-inorganic perovskite may be also applied
in one-step process.
[0045] In an embodiment of the method of the invention, the application or deposition of the hole blocking layer is
performed by a deposition method from a solution selected from drop casting, spin-coating, dip-coating, curtain coating,
spray-coating, and ink- jet printing, meniscus, preferably by meniscus coating. The solution to be applied may comprise
one or more hole blocking materials or two or more solutions may be mixed and applied either in a one-step process or
in a two or more sequential steps process to form a film onto the sensitizer layer comprising or consisting of the organic-
inorganic sensitizer.
[0046] In another embodiment of the method of the invention, the step of applying the hole blocking layer is performed
by one or more of the method of deposition as defined above, preferably by one or more physical vapor deposition
methods, by chemical vapor deposition, by sublimation or deposition of sublimated hole blocking material, by deposition
method from a solution (as defined above), meniscus coating.
[0047] For the purpose of the invention, the hole blocking material functions as electron transporting material and
extracts electrons from the sensitizer layer by preventing the transport of the holes. The hole blocking material is any
material having HOMO energy level lower than HOMO energy level of the sensitizer layer or the organic-inorganic
perovskite. Thus the hole blocking layer has a LUMO energy level close to the conduction band of the perovskite.
[0048] In the inventive method and in the inventive solar cell, the hole blocking layer comprises one or more hole
blocking material being selected from [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), 1,4,5,8,9,11-hexazatriphe-
nylene-hexacarbonitrile (HAT-CN), (C60-Ih)[5,6]fullerene (C60), (C70-D5h)[5,6]fullerene (C70), [6,6]-Phenyl C71 butyric
acid methyl ester (PC70BM), 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), 1,3,5-tri(phenyl-2-benzimi-da-
zolyl)-benzene (TPBI), preferably PCBM, HAT-CN, C60, C70, PC70BM, and metal oxide. The metal oxide is an oxide
of a metal selected from a group of metal consisting of Ti, Sn, Cs, Fe, Zn, W, Nb, SrTi, Si, Ti, Al, Cr, Sn, Mg, Mn, Zr, Ni,
and Cu.
[0049] The deposition of a thin hole blocking layer onto the organic-inorganic perovskite layer, which is sandwiched
between a thin electron blocking layer and said thin hole blocking layer, surprisingly enhances the open-circuit potential
of a device, an optoelectronic device, an electrochemical device or a solar cell having such heterojunction, namely a
perovskite layer sandwiched between a thin electron blocking layer and a thin hole blocking layer.
[0050] According to another embodiment, the hole blocking layer has a thickness being ≤ 10 nm, ≤ 20 nm, ≤ 50 nm,
preferably ≤ 10 nm.
[0051] In another embodiment, the step of providing the current collector and/or the metal layer or the conductor layer
is performed by a method selected from the physical vapor deposition methods group as defined above, preferably by
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thermal evaporation onto the sensitizer layer or onto the perovskite layer or onto the sensitizer layer comprising a
perovskite layer. Said step may be performed under vacuum, at a pressure from 10-2 to 10-10 mbar, 10-2 to 10-7 mbar,
preferably of 2 3 10-6 mbar.
[0052] In a further embodiment, the current collector comprises or is a metal layer deposited by thermal evaporation.
[0053] In a further embodiment, the step of providing the current collector and/or the metal layer or the conductor layer
is performed by a deposition method from a solution as defined above, namely being selected from drop casting, spin-
coating, dip-coating, curtain coating, spray-coating, and ink- jet printing, meniscus coating.
[0054] According to another embodiment, the current collector and/or a metal layer or the conductor layer has a
thickness being ≤ 30 nm, ≤ 50 nm, ≤ 70 nm, ≤ 90 nm, or ≤ 110 nm, preferably ≤ 70 nm. Accordingly, the step of providing
the current collector and/or a metal layer or the conductor layer lasts up to that said current collector and/or metal layer
or conductor layer has reached the desired thickness defined above.
[0055] In an embodiment, the step of applying the conductive layer is performed by a deposition method from one or
more solutions of one or more conductive materials, said method selected from drop casting, spin-coating, dip-coating,
curtain coating, spray-coating, and inkjet printing, preferably by spin-coating. The solution may comprise one or more
conductive materials or two or more solutions may be mixed and applied in a one-step process to form a film onto the
hole collector or applied in a process comprising two or more sequential steps.
[0056] In another embodiment, the step of applying the conductive layer is performed by a method selected from
physical vapor deposition method group and/or from chemical vapor deposition as defined herein.
[0057] According to a further embodiment, the conductive material is selected from one or more conductive polymers
or one or more hole transporting materials, which may be selected from poly(3,4-ethylenedioxythiophene):poly(sty-
renesulfonate) (PEDOT:PSS), poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate):grapheme nanocomposite (PE-
DOT:PSS:graphene), poly(N-vinylcarbazole) (PVK) and sulfonated poly(diphenylamine) (SPDPA), preferably from PE-
DOT:PSS, PEDOT:PSS:graphene and PVK, more preferably from PEDOT:PSS. Conductive polymers may also be
selected from polymers comprising polyaniline, polypyrrole, polythiophene, polybenzene, polyethylenedioxythiophene,
polypropylenedioxy-thiophene, polyacetylene, and combinations of two or more of the aforementioned, for example.
The conductive polymer of the invention is preferably selected from the above polymer in a watery dispersion.
[0058] By "hole transport material", "hole transporting material", "charge transporting material", "organic hole transport
material" and "inorganic hole transport material", and the like, is meant any material or composition wherein charges
are transported by electron or hole movement (electronic motion) across said material or composition. The "hole transport
material" is thus an electrically conductive material. Such hole transport materials, etc., are different from electrolytes.
In this latter, charges are transported by diffusion of molecules.
[0059] For the purpose of the invention, the conductive material functions as a hole transporting material and as a
hole injection material to bring holes extracted from the sensitizer layer to the hole collector of the solid solar cell, in
particular of the inverted solid solar cell of the invention, wherein the hole collector is on the side of the transparent
electrode or front contact. Accordingly, said conductive material enhances the extraction of holes. The conductive material
layer allows to smooth and to uniform the nanoporous semiconductor being the hole collector.
[0060] In an embodiment, the step of applying the conductive layer is performed by spin-coating a solution of a
conductive polymer selected from poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), poly(3,4-eth-
ylenedioxythiophene):poly(styrenesulfonate):grapheme nanocomposite (PEDOT:PSS:graphene), poly(N-vinylcarba-
zole) (PVK) and sulfonated poly(diphenylamine) (SPDPA), preferably from PEDOT:PSS, PEDOT:PSS:graphene and
PVK, more preferably from PEDOT:PSS.
[0061] According to an embodiment, the conductive layer is applied and/or deposited by spin-coating a solution com-
prising one or more conductive materials or defined as conductive at 1’000 rpm or more, 1’200 rpm or more, 2’000 rpm
or more, 3’000 rpm or more, preferably at 1’200 rpm or more. Preferably, the spin-coating takes place for 1 s (second)
to 10 minutes, preferably 2 s to 30 s.
[0062] According to another embodiment, the conductive layer has a thickness being ≤ 30 nm, ≤ 50 nm, ≤ 70 nm, ≤
90 nm, or ≤ 110 nm, preferably ≤ 70 nm. Accordingly, the step of applying the conductive layer lasts up to that said
conductive layer has reached the desired thickness defined above.
[0063] In an embodiment of the method of the invention, the application or deposition of the electron blocking layer is
performed by a deposition method from solution selected from drop casting, spin-coating, dip-coating, curtain coating,
spray-coating, and ink- jet printing, meniscus, preferably by meniscus coating. The solution may comprise one or more
electron blocking material or two or more solutions may mixed and applied in a one-step process to form a film onto the
hole collector or applied in a process comprising two or more sequential steps.
[0064] In another embodiment, the application or deposition of the electron blocking layer may be performed by a
physical vapor deposition method, a chemical vapor deposition method or a deposition by sublimation, namely subli-
mation.
[0065] According to an embodiment, the electron blocking material functions as hole transporting material and extracts
holes from the sensitizer layer by preventing the transport of the electron. The electron blocking material is any material
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having LUMO energy level higher than the sensitizer layer or the organic-inorganic perovskite LUMO energy level. Thus
the HOMO energy level of an electron blocking layer is closed to the valence band of the perovskite.
[0066] In the inventive method and in the inventive solar cell, the electron blocking layer and/or hole transporting layer
comprises an electron blocking material being selected from aromatic amine derivatives selected from triphenylamine,
carbazole, N,N,(diphenyl)-N’,N’di-(alkylphenyl)-4,4’-biphenyldiamine, (pTPDs), diphenylhydrazone, poly [N,N’-bis(4-
butylphenyl)-N,N’-bis(phenyl)benzidine] (polyTPD), polyTPD substituted by electron donor groups and/or acceptor
groups, poly(9,9-dioctylfluorene-alt-N-(4-butylphenyl)-diphenylamine (TFB), 2,2’,7,7’-tetrakis-N,N-di-p-methoxyphe-
nylamine-9,9’-spirobifluorene) (spiro-OMeTAD), N,N,N’,N’-tetraphenylbenzidine (TPD), preferably from polyTPD and/or
polyTPD substituted by electron donor groups and/or acceptor groups. Electron blocking material are molecules able
to transport holes.
[0067] According to another embodiment, the electron blocking layer has a thickness being ≤5, ≤ 10 nm, ≤ 20 nm, ≤
50 nm, preferably from 4 to 50 nm, from 5 to 20 nm.
[0068] It is noted that the term "organic" in expressions "organic hole transport material", "organic hole transport layer",
"organic charge transport material" "electron blocking layer" and the like does not exclude the presence of further
components. Further components may be selected from (a) one or more dopants, (b) one or more solvents, (c) one or
more other additives such as ionic compounds, and (c) combinations of the aforementioned components, for example.
In the organic charge transport material, such further components may be present in amounts of 0-30wt.%, 0-20wt.%,
0-10wt.%, most preferably 0-5wt.%.
[0069] In an embodiment, the step of providing a hole collector layer comprises a step of providing a conducting layer
being transparent and a step of applying a conducting material onto the conducting layer. Namely the hole collector
layer may comprise a conducting layer being transparent and a conducting material. Said conducting layer is selected
from conducting glass or conducting plastic. The conducting material is selected from indium doped thin oxide (ITO),
fluorine doped tin oxide (FTO), ZnO-Ga2O3, ZnO-Al2O3, tin-oxide, antimony doped tin oxide (ATO), SrGeO3 and zinc
oxide. Accordingly, the hole collector may comprise or may consist of a conducting layer and a conductive material.
[0070] In another embodiment, the step of providing a hole collector layer comprises a further step of providing a
surface-increasing scaffold structure between the conducting layer and the conducting material layer. Accordingly, the
hole collector layer may comprise a conducting layer, a surface-increasing scaffold structure and a conducting material
layer.
[0071] According to another embodiment, the method of invention comprises a further step of providing a support
layer on the external side of the hole collector. Said support layer may be the hole collector or the conducting layer of
the hole collector, or comprises the hole collector or is provided before the conducting layer of the hole collector, namely
to the external side of the hole collector.
[0072] In a further embodiment, the method of invention comprises a further step of providing a support layer on the
side of the current collector and/or metal layer or conductor layer, preferably on the top of the current collector and/or
metal layer or conductor layer.
[0073] The invention also provides a solid state solar cell obtainable by the method of the invention.
[0074] The solid state solar cell comprising a hole collector layer under a conductive layer, an electron blocking layer,
a sensitizer layer having a thickness of 150 nm to 350 nm and consisting of an organic-inorganic perovskite being coated
by a hole blocking layer and a current collector layer, wherein the hole collector layer is coated by the conductive layer;
wherein the electron blocking layer is between the conductive layer and the sensitizer layer, which is in contact with the
current collector layer being a metal or a conductor.
[0075] Said hole blocking layer coats the sensitizer layer, which consists of the organic-inorganic perovskite, and said
hole blocking layer is in electric contact with the current collector layer being a metal or conductor. Accordingly, the
invention also provides, the invention provides a solid state solar cell comprising a hole collector layer, a conductive
polymer layer, an electron blocking layer, a sensitizer layer consisting of an organic-inorganic perovskite having a
thickness from 250 nm to 350 nm, a hole blocking layer and a current collector layer, wherein the hole collector layer is
coated by the conductive polymer layer; wherein the electron blocking layer is between the conductive polymer layer
and the perovskite layer coated by the hole blocking layer, which is in contact with the current collector layer being a
metal or a conductor.
[0076] In an embodiment, the hole collector layer of the solid state solar cell is on the side exposed to the light.
[0077] The hole collector is preferably arranged to collect and conduct the holes generated in the sensitizer layer.
Therefore, the current collector is preferably in electric contact with the photocathode.
[0078] According to an embodiment, the solar cell of the invention preferably comprises one or more support layers.
The support layer preferably provides physical support of the device. Furthermore, the support layer preferably provides
a protection with respect to physical damage and thus delimits the solar cell with respect to the outside, for example on
at least one of the two sides of the solar cell, the one exposed to the light (support layer) or to the opposite side remaining
in the dark (current support layer). According to an embodiment, the solar cell may be constructed by applying the
different layers in a sequence of steps, one after the other, onto the support layer. The support layer may thus also serve
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as a starting support for the fabrication of the solar cell. Support layers may be provided on only one or on both opposing
sides of the solar cell.
[0079] The support layer, if present, is preferably transparent, so as to let light pass through the solar cell. Of course,
if the support layer is provided on the side of the solar cell that is not directly exposed to light to be converted to electrical
energy, the support does not necessarily have to be transparent. However, any support layer provided on the side that
is designed and/or adapted to be exposed to light for the purpose of energy conversion is preferably transparent.
"Transparent" means transparent to at least a part, preferably a major part of the visible light. Preferably, the support
layer is substantially transparent to all wavelengths or types of visible light. Furthermore, the support layer may be
transparent to non-visible light, such as UV and IR radiation, for example.
[0080] In a preferred embodiment of the invention, a support layer is provided, said support layer serving as support
as described above as well as the conducting layer of the hole collector. The support layer thus replaces or contains
the conducting layer. The support layer is preferably transparent. Examples of support layers are conducting glass or
conducting plastic, which are commercially available. For example, the support layer comprises a material selected from
indium doped tin oxide (ITO), fluorine doped tin oxide (FTO), ZnO-Ga2O3, ZnO-Al2O3, tin oxide, antimony doped tin
oxide (ATO), SrGeO3 and zinc oxide, coated on a transparent substrate, such as plastic or glass.
[0081] In accordance with an embodiment of the method of the invention, when a surface-increasing scaffold structure
is provided between the conducting layer and the conducting material of the holes conductor, the surface-increasing
scaffold structure is nanostructured and/or nanoporous. The scaffold structure is thus preferably structured on a nano-
scale. The structures of said scaffold structure increase the effective surface compared to the surface of the conducting
layer.
[0082] According to an embodiment, the surface-increasing scaffold structure of the solar cell of the invention com-
prises, consists essentially of or is made from one selected from the group consisting of a semiconductor material, a
conducting material, a non-conducting material and combinations of two or more of the aforementioned.
[0083] According to an embodiment, said scaffold structure is made from and/or comprises a metal oxide. For example,
the material of the scaffold structure is selected from semiconducting materials, such as Si, TiO2, SnO2, Fe2O3, ZnO,
WO3, Nb2O5, CdS, ZnS, PbS, Bi2S3, CdSe, CdTe, SrTiO3, GaP, InP, GaAs, CuInS2, CuInSe2, and combinations thereof,
for example. Preferred semiconductor materials are Si, TiO2, SnO2, ZnO, WO3, Nb2O5and SrTiO3.
[0084] However, the material of the scaffold structure does not need to be semiconducting or conducting, but could
actually be made from a non-conducting and/or insulating material. As described in PCT/IB2013/056080, for example,
the scaffold structure could be made from plastics, for example from plastic nanoparticles, which are in any way assembled
on the support and are fixed thereon, for example by heating and/or cross-linking. Polystyrene (PS) spheres of sub-25
micrometer size deposited on a conducting substrate can be cited as an example of a non-conducting scaffold structure.
[0085] According to an embodiment, the organic-inorganic perovskite material that is used and/or obtained in the one
or more perovskite layer preferably comprises a perovskite-structure of any one of formulae (I), (II) , (III), (IV), (V) and/or
(VI) below:

AA’MX4 (I)

AMX3 (II)

AA’N2/3X4 (III)

AN2/3X3 (IV)

BN2/3X4 (V)

BMX4 (VI)

wherein,

A and A’ are organic, monovalent cations that are independently selected from primary, secondary, tertiary or
quaternary organic ammonium compounds, including N-containing heterorings and ring systems, A and A’ having
independently from 1 to 60 carbons and 1 to 20 heteroatoms;
B is an organic, bivalent cation selected from primary, secondary, tertiary or quaternary organic ammonium com-
pounds having from 1 to 60 carbons and 2-20 heteroatoms and having two positively charged nitrogen atoms;
M is a divalent metal cation selected from the group consisting of Cu2+, Ni2+, Co2+, Fe2+, Mn2+, Cr2+, Pd2+, Cd2+,
Ge2+, Sn2+, Pb2+, Eu2+, or Yb2+;
N is selected from the group of Bi3+ and Sb3+; and,
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the three or four X are independently selected from Cl-, Br-, I-, NCS-, CN-, and NCO-.

[0086] In particular, the three or four X may be the same or different. For example, in AMX3 (formula II) may be
expressed as formula (II’) below:

AMXiXiiXiii (II’)

wherein Xi, Xii , Xiii are independently selected from Cl-, Br-, I-, NCS-, CN-, and NCO-, preferably from halides (Cl-, Br-,
I-), and A and M are as defined elsewhere in this specification. Xi, Xii , Xiii may thus be the same or different in this case.
The same principle applies to the perovskites of formulae (I) and (III)-(VI) and the more specific embodiments of formulae
(VIII) to (XIV) below. In case of AA’MX4 (formula I), for example, formula (I’) applies:

AA’M XiXiiXiii Xiv (I’)

wherein Xi, Xii , Xiii are independently selected from Cl-, Br-, I-, NCS-, CN-, and NCO-, preferably from halides (Cl-, Br-, I-).
[0087] Preferably, if Xi, Xii, Xiii in formulae (II) and (IV) or Xi, Xii , Xiii, Xiv in formulae (I), (III), (V) or (VI) comprise different
anions X, there are not more than two different anions. For example, Xi and Xii being the same with Xiii being an anion
that is different from Xi and Xii.
[0088] According to a preferred embodiment, the perovskite material has the structure selected from one or more of
formulae (I) to (III), preferably (II) or (II’).
[0089] According to a preferred embodiment, said organic-inorganic perovskite layer comprises a perovskite-structure
of any one of the formulae (VIII) to (XIV):

APbX3 (VIII)

ASnX3 (IX)

ABiX4 (X)

AA’PbX4 (XI)

AA’SnX4 (XII)

BPbX4 (XIII)

BSnX4 (XIV)

wherein A, A’, B and X are as defined elsewhere in this specification. Preferably, X is preferably selected from Cl-, Br-
and I-, most preferably X is I-.
[0090] According to a preferred embodiment, said organic-inorganic perovskite layer comprises a perovskite-structure
of the formulae (VIII) to (XII), more preferably (VIII) and/or (IX) above.
[0091] According to an embodiment, A and A’, for example in AX and/or in any one of formulae (I) to (IV), and (VIII)
to (XII), are monovalent cations selected independently from any one of the compounds of formulae (1) to (8) below:
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wherein,
any one of R1, R2, R3 and R4 is independently selected from C1-C15 organic substituents comprising from 0 to 15
heteroatoms.
[0092] According to an embodiment of said C1-C15 organic substituent any one, several or all hydrogens in said
substituent may be replaced by halogen and said organic substituent may comprise up to fifteen (15) N, S or O heter-
oatoms, and wherein, in any one of the compounds (2) to (8), the two or more of substituents present (R1, R2, R3 and
R4, as applicable) may be covalently connected to each other to form a substituted or unsubstituted ring or ring system.
Preferably, in a chain of atoms of said C1-C15 organic substituent, any heteroatom is connected to at least one carbon
atom. Preferably, neighboring heteroatoms are absent and/or heteroatom-heteroatom bonds are absent in said C1-C15
organic substituent comprising from 0 to 15 heteroatoms.
[0093] According to an embodiment any one of R1, R2, R3 and R4 is independently selected from C1 to C15 aliphatic
and C4 to C15 aromatic or heteroaromatic substituents, wherein any one, several or all hydrogens in said substituent
may be replaced by halogen and wherein, in any one of the compounds (2) to (8), the two or more of the substituents
present may be covalently connected to each other to form a substituted or unsubstituted ring or ring system.
[0094] According to an embodiment, B is a bivalent cation selected from any one of the compounds of formulae (9)
and (10) below:

wherein,

in the compound of formula (9), L is an organic linker structure having 1 to 10 carbons and 0 to 5 heteroatoms
selected from N, S, and/or O, wherein any one, several or all hydrogens in said L may be replaced by halogen;
wherein any one of R1 and R2 is independently selected from any one of the substituents (20) to (25) below:
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wherein the dotted line in the substituents (20) to (25) represents the bond by which said substituent is connected
to the linker structure L;
wherein R1, R2, and R3 are independently as defined above with respect to the compounds of formulae (1) to (8);
wherein R1 and R2, if they are both different from substituent (20), may be covalently connected to each other by
way of their substituents R1, R2, and/or R3, as applicable, and wherein any one of R1, R2, and R3, if present, may
be covalently connected to L or the ring structure of compound (10), independently from whether said substituent
is present on R1 or R2;
and wherein, in the compound of formula (10), the circle containing said two positively charged nitrogen atoms
represents a substituted or unsubstituted aromatic ring or ring system comprising 4 to 15 carbon atoms and 2 to 7
heteroatoms, wherein said nitrogen atoms are ring heteroatoms of said ring or ring system, and wherein the remaining
of said heteroatoms may be selected independently from N, O and S and wherein R5 and R6 are independently
selected from H and from substituents as R1 to R4. Halogens substituting hydrogens totally or partially may also be
present in addition to and/or independently of said 2 to 7 heteroatoms.

[0095] Preferably, if the number of carbons is in L is impair, the number of heteroatoms is smaller than the number of
carbons. Preferably, in the ring structure of formula (10), the number of ring heteroatoms is smaller than the number of
carbon atoms.
[0096] According to an embodiment, L is an aliphatic, aromatic or heteroaromatic linker structure having from 1 to 10
carbons.
[0097] Preferably, the dotted line in substituents (20) to (25) represents a carbon-nitrogen bond, connecting the nitrogen
atom shown in the substituent to a carbon atom of the linker.
[0098] According to an embodiment, in the compound of formula (9), L is an organic linker structure having 1 to 8
carbons and from 0 to 4 N, S and/or O heteroatoms, wherein any one, several or all hydrogens in said L may be replaced
by halogen. Preferably, L is an aliphatic, aromatic or heteroaromatic linker structure having 1 to 8 carbons, wherein any
one, several or all hydrogens in said L may be replaced by halogen.
[0099] According to an embodiment, in the compound of formula (9), L is an organic linker structure having 1 to 6
carbons and from 0 to 3 N, S and/or O heteroatoms, wherein any one, several or all hydrogens in said L may be replaced
by halogen. Preferably, L is an aliphatic, aromatic or heteroaromatic linker structure having 1 to 6 carbons, wherein any
one, several or all hydrogens in said L may be replaced by halogen.
[0100] According to an embodiment, in the compound of formula (9), said linker L is free of any O or S heteroatoms.
According to an embodiment, L is free of N, O and/or S heteroatoms.
[0101] According to an embodiment, in the compound of formula (10), the circle containing said two positively charged
nitrogen atoms represents a substituted or unsubstituted aromatic ring or ring system comprising 4 to 10 carbon atoms
and 2 to 5 heteroatoms (including said two ring N-atoms).
[0102] According to an embodiment, said ring or ring system in the compound of formula (10) is free of any O or S
heteroatoms. According to an embodiment, said ring or ring system in the compound of formula (10) is free of any further
N, O and/or S heteroatoms, besides said two N-ring atoms. This does not preclude the possibility of hydrogens being
substituted by halogens.
[0103] As the skilled person will understand, if an aromatic linker, compound, substituent or ring comprises 4 carbons,
it comprises at least 1 ring heteroatom, so as to provide an aromatic moiety.
[0104] According to an embodiment, any one of R1, R2, R3 and R4 is independently selected from C1 to C8 organic
substituents comprising, from 0 to 4 N, S and/or O heteroatom, wherein, independently of said N, S or O heteroatoms,
any one, several or all hydrogens in said substituent may be replaced by halogen, and wherein two or more of substituents
present on the same cation may be covalently connected to each other to form a substituted or unsubstituted ring or
ring system. Preferably, any one of R1, R2, R3 and R4 is independently selected from C1 to C8 aliphatic, C4 to C8
heteroaromatic and C6 to C8 aromatic substituents, wherein said heteroaromatic and aromatic substituents may be
further substituted.
[0105] According to an embodiment, any one of R1, R2, R3 and R4 is independently selected from C1 to C6 organic
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substituents comprising, from 0 to 3 N, S and/or O heteroatom, wherein, independently of said N, S or O heteroatoms,
any one, several or all hydrogens in said substituent may be replaced by halogen, and wherein two or more of substituents
present on the same cation may be covalently connected to each other to form a substituted or unsubstituted ring or
ring system. Preferably, any one of R1, R2, R3 and R4 is independently selected from C1 to C6 aliphatic, C4 to C6
heteroaromatic and C6 to C6 aromatic substituents, wherein said heteroaromatic and aromatic substituents may be
further substituted.
[0106] According to an embodiment, any one of R1, R2, R3 and R4 is independently selected from C1 to C4, preferably
C1 to C3 and most preferably C1 to C2 aliphatic substituents wherein any one, several or all hydrogens in said substituent
may be replaced by halogen and wherein two or more of substituents present on the same cation may be covalently
connected to each other to form a substituted or unsubstituted ring or ring system.
[0107] According to an embodiment, any one of R1, R2, R3 and R4 is independently selected from C1 to C10 alkyl,
C2 to C10 alkenyl, C2 to C10 alkynyl, C4 to C10 heteroaryl and C6 to C10 aryl, wherein said alkyl, alkenyl, and alkynyl,
if they comprise 3 or more carbons, may be linear, branched or cyclic, wherein said heteroaryl and aryl may be substituted
or unsubstituted, and wherein several or all hydrogens in R1-R4 may be replaced by halogen.
[0108] According to an embodiment, any one of R1, R2, R3 and R4 is independently selected from C1 to C8 alkyl, C2
to C8 alkenyl, C2 to C8 alkynyl, C4 to C8 heteroaryl and C6 to C8 aryl, wherein said alkyl, alkenyl, and alkynyl, if they
comprise 3 or more carbons, may be linear, branched or cyclic, wherein said heteroaryl and aryl may be substituted or
unsubstituted, and wherein several or all hydrogens in R1-R4 may be replaced by halogen.
[0109] According to an embodiment, any one of R1, R2, R3 and R4 is independently selected from C1 to C6 alkyl, C2
to C6 alkenyl, C2 to C6 alkynyl, C4 to C6 heteroaryl and C6 aryl, wherein said alkyl, alkenyl, and alkynyl, if they comprise
3 or more carbons, may be linear, branched or cyclic, wherein said heteroaryl and aryl may be substituted or unsubstituted,
and wherein several or all hydrogens in R1-R4 may be replaced by halogen.
[0110] According to an embodiment, any one of R1, R2, R3 and R4 is independently selected from C1 to C4 alkyl, C2
to C4 alkenyl and C2 to C4 alkynyl, wherein said alkyl, alkenyl and alkynyl, if they comprise 3 or more carbons, may be
linear, branched or cyclic, and wherein several or all hydrogens in in R1-R4 may be replaced by halogen.
[0111] According to an embodiment, any one of R1, R2, R3 and R4 is independently selected from C1 to C3, preferably
C1 to C2 alkyl, C2 to C3, preferably C2 alkenyl and C2 to C3, preferably C2 alkynyl, wherein said alkyl, alkenyl and
alkynyl, if they comprise 3 or more carbons, may be linear, branched or cyclic, and wherein several or all hydrogens in
R1-R4 may be replaced by halogen.
[0112] According to an embodiment, any one of R1, R2, R3 and R4 is independently selected from C1 to C4, more
preferably C1 to C3 and even more preferably C1 to C2 alkyl. Most preferably, any one of R1, R2, R3 and R4 are methyl.
Again, said alkyl may be completely or partially halogenated.
[0113] According to an embodiment, A, A’ and B are monovalent (A, A’) and bivalent (B) cations, respectively, selected
from substituted and unsubstituted C5 to C6 rings comprising one, two or more nitrogen heteroatoms, wherein one (for
A and A’) or two (for B) of said nitrogen atoms is/are positively charged. Substituents of such rings may be selected from
halogen and from C1 to C4 alkyls, C2 to C4 alkenyls and C2 to C4 alkynyls as defined above, preferably from C1 to C3
alkyls, C3 alkenyls and C3 alkynyls as defined above. Said ring may comprise further heteroatoms, which may be
selected from O, N and S. Bivalent organic cations B comprising two positively charged ring N-atoms are exemplified,
for example, by the compound of formula (10) above. Such rings may be aromatic or aliphatic, for example.
[0114] A, A’ and B may also comprise a ring system comprising two or more rings, at least one of which being from
substituted and unsubstituted C5 to C6 ring as defined as above. The elliptically drawn circle in the compound of formulae
(10) may also represent a ring system comprising, for example, two or more rings, but preferably two rings. Also if A
and/or A’ comprises two rings, further ring heteroatoms may be present, which are preferably not charged, for example.
[0115] According to an embodiment, however, the organic cations A, A’ and B comprise one (for A, A’), two (for B) or
more nitrogen atom(s) but are free of any O or S or any other heteroatom, with the exception of halogens, which may
substitute one or more hydrogen atoms in cation A and/or B.
[0116] A and A’ preferably comprise one positively charged nitrogen atom. B preferably comprises two positively
charged nitrogen atoms.
[0117] A, A’ and B may be selected from the exemplary rings or ring systems of formulae (30) and (31) (for A) and
from (32) to (34) (for B) below:
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in which R1 and R2 are, independently, as defined above, and R3, R4, R5, R6, R7, R8, R9 and R10 are independently
selected from H, halogen and substituents as defined above for R1 to R4. Preferably, R3-R10 are selected from H and
halogen, most preferably H.
[0118] In the organic cations A, A’ and B, hydrogens may be substituted by halogens, such as F, Cl, I, and Br, preferably
F or Cl. Such a substitution is expected to reduce the hygroscopic properties of the perovskite layer or layers and may
thus provide a useful option for the purpose of the present specification.
[0119] According to a preferred embodiment, A and A’ are independently selected from organic cations of formula (1).
Preferably, R1 in the cation of formula (1) is selected from C1 to C8 organic substituents comprising, from 0 to 4 N, S
and/or O heteroatom. More preferably, R1 is selected from C1 to C4, preferably C1 to C3 and most preferably C1 to C2
aliphatic substituents.
[0120] According to a preferred embodiment, the metal M is selected from Sn2+ and Pb2+, preferably Pb2+. According
to a preferred embodiment, N is Sb3+.
[0121] According to a preferred embodiment, the three or four X are independently selected from Cl-, Br-, and I-.
[0122] According to a preferred embodiment, the organic-inorganic perovskite material has the formula of formulae
(XV) to (XIX) below:

AMI3 (XV)

AMI2Br (XVI)

AMI2Cl (XVII)

AMBr3 (XVII)

AMCl3 (XIX)

wherein A and M are as defined elsewhere in this specification, including the preferred embodiments of A and M, such
as those defined below. Preferably, M is selected from Sn2+ and Pb2+. Preferably, A is selected from organic cations of
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formula (1). Preferably, R1 in the cation of formula (1) is selected from C1 to C8 organic substituents comprising, from
0 to 4 N, S and/or O heteroatom. More preferably, R1 is selected from C1 to C4, preferably C1 to C3 and most preferably
C1 to C2 aliphatic substituents.
[0123] According to a preferred embodiment, the organic-inorganic perovskite is a compound of formula (VII)
(AMXiXiiXiii), wherein A is a monovalent cation of formula (1) as defined above, M is as defined elsewhere in this
specification, and Xi, Xii , Xiii are independently selected from Cl-, Br-, I-. Preferably, R1 in the cation of formula (1) is
selected from C1 to C4, preferably C1 to C3 and most preferably C1 to C2 aliphatic substituents.
[0124] According to a preferred embodiment, the organic-inorganic perovskite is a compound of formula (VII)
(AMXiXiiXiii), wherein A is a monovalent cation of formula (1) as defined above, M is Sn2+ or Pb2+, and Xi, Xii , Xiii are
independently selected from Cl-, Br-, I-. Preferably, R1 in the cation of formula (1) is selected from C1 to C4, preferably
C1 to C3 and most preferably C1 to C2 aliphatic substituents. Preferably, Xi⎯Xiii are identical.
[0125] In the methods disclosed herein, if the sensitizer layer having a thickness from 250 nm to 350 nm consists of
an organic-inorganic perovskite layer.
[0126] According to another embodiment of the solar cell of the invention, the current collector of the solar cell of the
invention is on the dark side. The current collector is preferably arranged to collect and conduct the electron generated
in the perovskite layer. The current collector faces the sensitizer layer towards the inside of the solar cell. The current
collector is the outmost layer and thus the one of the outer surfaces of the cell. It is also possible that a support layer is
present on one side of the current collector.
[0127] In a further embodiment, the current collector comprises or consists of or is a metal or a conductor, which is in
in direct contact with the preceding layer being the sensitizer layer or the hole blocking layer, if said hole blocking layer
is present.
[0128] In a further embodiment, the current collector comprises or consists of or is a conductor, which may be in direct
contact with the sensitizer layer and/or not separated by any further layer or medium from said sensitizer layer.
[0129] According to another embodiment, the current collector comprises a catalytically active material, suitable to
provide electrons and/or fill holes towards the inside of the device. The current collector may comprise a metal or a
conductor or may be a metal layer or a conductor layer. The current collector may comprise one or more materials being
metals selected from Pt, Au, Ni, Cu, Ag, In, Ru, Pd, Rh, Ir, Os, C or conductors selected from carbon nanotubes, graphene
and grapheme oxides, conductive polymer and a combination of two or more of the aforementioned. Conductive polymers
may be selected from polymers comprising polyaniline, polypyrrole, polythiophene, polybenzene, polyethylenedioxythi-
ophene, polypropylenedioxythiophene, polyacetylene, and combinations of two or more of the aforementioned. Prefear-
ably the current collector comprises a metal selected from Pt, Au, Ni, Cu, Ag, In, Ru, Pd, Rh, Ir, Os, preferably Au. The
current collector may comprise a conductor being transparent material selected from indium doped tin oxide (ITO),
fluorine doped tin oxide (FTO), ZnO-Ga2O3, ZnO-Al2O3, tin oxide, antimony doped tin oxide (ATO), SrGeO3 and zinc
oxide.
[0130] The current collector is connected to the external circuit. With respect to the first side of the device, a conductive
support such as conductive glass or plastic may be electrically connected to the counter electrode on the second side.
[0131] According to an embodiment, solar cell according to an embodiment of the invention exhibits a power conversion
efficiency (PCE) of ≥ 4%, preferably ≥ 5%, more preferably ≥ 6%, and most preferably ≥ 7%, measured in standard air
mass 1.5 global (AM1.5G) sunlight conditions, corresponding to a solar zenith angle of 48.2°, a solar light intensity of
100 mW cm2 and a cell temperature of 25°C.
[0132] The present invention will now be illustrated by way of examples. These examples do not limit the scope of
this invention, which is defined by the appended claims.

Examples:

[0133] Example 1: Fabrication of a solid solar of the invention having a sensitizer sandwiched between an electron
blocking layer and a hole blocking layer.
[0134] Photolithographically patterned ITO covered glass substrates were purchased from NaranjoSubstrates. Aque-
ous dispersions of poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonate) (PEDOT:PSS, CLEVIOS P VP
Al 4083) were obtained from Heraeus Holding GmbH and used as received. poly[N,N’-bis(4-butylphenyl)-N,N’-bis(phe-
nyl)benzidine] (poly-TPD) was purchased from ADS Dyesource. PbI2 was purchased from Aldrich and used as is,
CH3NH3I was prepared similar to a previously published method, in brief: CH3NH3I, was synthesized by reacting 21.6
ml methylamine (40%wt in water, Aldrich) and 30 ml hydroiodic acid (57 wt% in water,Aldrich) in a 250 ml roundbottomed
flask at 0°C for 2 h with stirring. The white precipitate was recovered by evaporation at 50°C for 1 h. The product,
methylammonium iodide (CH3NH3I), was dissolved in ethanol, filtered and recrystallized from diethyl ether, and dried
at 60°C in a vacuum oven for 24 h.
[0135] Devices were prepared on cleaned ITO substrates, by spin-coating a thin layer of PEDOT:PSS from the com-
mercial aqueous dispersion (1200rpm 30sec result in 70 nm thickness). On top of this layer a thin film (≤10 nm) of
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polyTPD functioning as the electron blocking layer was deposited from a chlorobenzene solution (10 mg.ml⎯1) using a
meniscus coater and a coating speed of 2.5 mm/s. Than the substrates were transferred to a vacuum chamber integrated
into an inert glovebox (MBraun, <0.1 ppm O2 and <0.1 ppm H2O) and evacuated to a pressure of 1 3 10-6 mbar. Two
quartz crucibles were filed with CH3NH3I and PbI2 which were heated to 70 and 250°C, respectively. The film thickness
was controlled by the PbI2 evaporation at a rate of evaporation of 0.5 Angstrom per second. The perovskite layer thickness
is of 350 nm. The PCBM layer functioning as the hole blocking layer was deposited as a thin layer (≤10nm) using a
chlorobenzene solution of 10 mg.ml⎯1 in ambient conditions using a meniscus coater and a coating speed of 2.5 mm/s.
The device was completed by the thermal evaporation of the top metal (Au) electrode under a base pressure of 2 3
10-6 mbar to a thickness of 100 nm. The solar cells (active area of 0.09 and 0.98 mm2) were than encapsulated with a
glass cover using a UV curable epoxy sealant.

Example 2: Photovoltaic properties and characteristics of the solid solar of Example 1

[0136] Current-voltage characteristics were recorded by applying an external potential bias to the cell while recording
the generated photocurrent with a digital source meter (Keithley Model 2400). The light source was a 450-W xenon lamp
(Oriel) equipped with a Schott K113 Tempax sunlight filter (Praezisions Glas & Optik GmbH) to match the emission
spectrum of the lamp to the AM1.5G standard. A black mask of 535cm2 was used in the photovoltaic studies. Before
each measurement, the exact light intensity was determined using a calibrated Si reference diode equipped with an
infrared cut-off filter (KG-3, Schott). Incident photon-to-current conversion efficiency (IPCE) measurements were deter-
mined using a 300 W xenon light source (ILC Technology, USA). A Gemini-180 double monochromator Jobin Yvon Ltd.
(UK) was used to select and increment the wavelength of the radiation impinging on the cells. The monochromatic
incident light was passed through a chopper running at 1 Hz frequency, and the on/off ratio was measured by an
operational amplifier. IPCE spectra were recorded as functions of wavelength under a constant white light bias of
approximately 5 mW cm-2 supplied by an array of white light-emitting diodes. The excitation beam coming from a 300-
W xenon lamp (ILC Technology) was focused through a Gemini-180 double monochromator (Jobin Yvon Ltd) and
chopped at approximately 2 Hz. The signal was record-ed using a Model SR830 DSP Lock-In Amplifier (Stanford
Research Systems). Said measured characteristics and the estimated power conversion efficiency (PCE) are reported
in Table 1 below.

[0137] The roughness of the CH3NH3PbI3 film was evaluated using Atomic Force Microscopy (AFM) and an image of
a typical scan is depicted in Figure 3B, demonstrating a smooth film with a rms roughness of 5 nm. The photograph of
a 60 nm thick film is shown in Figure 3A. The absorbance of the CH3NH3PbI3 film co-deposited by sublimation is increases
with increasing layer thickness (Figures 4A and 4C). The absorption extends over the complete visible spectrum up to
800 nm, with a local maximum around 500 nm.
[0138] As in this work the CH3NH3PbI3 layer is prepared via vacuum sublimation it can be easily implemented in
different device architectures which are not claimed. To demonstrate that the CH3NH3PbI3 is capable of performing most
of the roles required to obtain an efficient solar cell according to the invention and to minimize the use of costly organic
semiconductors a simple device structure was chosen. In this structure which is typical for organic-photovoltaic and
light-emitting devices a transparent conductor was used as the positive charge collecting contact. The structure of the
device is shown in Figures 1A and 2A, and consists of a 70 nm poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic
acid) (PEDOT:PSS) layer and a thin layer (≤10 nm) of poly[N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine] (polyTPD)
(Figures 2A and B), as the electron blocking layer. On top of this the CH3NH3PbI3 was thermally evaporated to a maximum
thickness of 350 nm followed by a thin layer (<10 nm) of [6,6]-phenyl C61-butyric acid methylester (PCBM) as the hole
blocking layer. The device was completed by the evaporation of an Au top electrode (100 nm). The thickness of the
layers was established using absorbance measurements. The relevant energy levels of the materials used to prepare
the solar cell are depicted in Figure 2B. The valence band (VB) and conduction band (CB) of the CH3NH3PbI3 perovskite
are -5.4 and -3.9 eV, versus vacuum respectively. Upon illuminating the device excitons are generated in the CH3NH3PbI3
perovskite layer. It was reported that excitons in CH3NH3PbI3 perovskites are of Wannier-Mott type implying that they
may dissociate in the bulk of the perovskite layer. Due to the use of ITO/PEDOT:PSS as the hole collecting contact and

Table 1. Photovoltaic characteristics of three solar cells of the invention as described in Example 1

Voc [mV] Jsc [mA/cm2] FF [%] PCE[%]

Solar cell 1 1049 17.04 67 11.97

Solar cell 2 1045 15.16 68 10.77

Solar cell 3 1054 16.96 65 11.61



EP 3 044 817 B9

18

5

10

15

20

25

30

35

40

45

50

55

Au as the electron collecting electrode the build-in voltage of this device is small. Hence, to direct the flow of electrons
and holes, thin hole blocking and electron blocking layers are incorporated adjacent to the perovskite layer. PolyTPD
and PCBM were selected for this role as their HOMO and LUMO levels, respectively, match well with the VB and CB of
the perovskite, allowing for a good transport of holes towards the polyTPD and of electrons to the PCBM layer. As the
LUMO of polyTPD is significantly closer to vacuum compared with the CB of the perovskite, polyTPD efficiently blocks
the flow of electrons. The opposite process, the blocking of holes, occurs at the perovskite-PCBM interface due to the
lower HOMO of PCBM compared with the VB of the perovskite. Whereas exciton dissociation may also occur at the
perovskite-polyTPD and perovskite-PCBM interfaces it does not seem likely in our configuration due to low build-in
voltage and the small difference in HOMO and LUMO levels between the perovskite and those of poly-TPD and PCBM,
respectively.
[0139] Figure 4B shows the current-voltage (J-V) characteristics of the perovskite solar cells measured in the dark,
and under light intensities of 100, 50 and 10 mW cm-2. The short-circuit current density (JSC), open-circuit voltage (VOC)
and fill factor (FF), respectively, are 16.37 mA cm⎯2, 1.05 mV and 0.68, leading to power conversion efficiency of 12.3
% measured at 100 mW cm⎯2. The device at 50 and 10 mW cm-2 exhibited slightly higher efficiencies, 12.5 and 12.4
%, respectively, mostly due to an slight improvement in the fill factor. The high open circuit potential indicates that there
are negligible surface and sub band-gap states in the perovskite film. The device performance under 100 mW cm⎯2 is
remarkable in view of the very thin perovskite film 350 nm.
[0140] The incident photon-to-current conversion efficiency (IPCE) spectra exhibit 68% (Figure 4C) where the gener-
ation of photocurrent started at 790 nm in agreement with the band gap of the CH3NH3PbI3. It is interesting to note that
the IPCE spectra show a very steep onset, contrary to the IPCE spectra reported for TiO2 and Al2O3 mesoscopic based
perovskite cells. The IPCE spectrum is almost flat except for a dip at 630 nm, which could be due to the oxidized polyTPD,
acting as a filter. Integrating the overlap of the IPCE spectrum with the AM1.5G solar photon flux yields a current density
of 15.6 mA cm⎯2, which is in excellent agreement with the measured photocurrent density 16.37 mA cm-2 at the standard
solar AM 1.5 intensity of 100 mW cm-2 confirming that the mismatch between the simulated sunlight and the AM1.5G
standard is negligible.
[0141] These excellent device performances obtained in an architecture with a very small build-in voltage are indicative
that the excitons formed are not strongly bound. That is, the excitons dissociate into free electrons and holes in the bulk
of the perovskite which are rapidly transported to the appropriate contacts due to the presence of the hole and electron
blocking (rectifying) layers.

Conclusion

[0142] An efficient solid state thin film solar cell was obtained by sandwiching a sublimated CH3NH3PbI3 perovskite
layer in between two thin organic charge transporting layers that function as hole and electron blocker and contacting
it via an ITO/PEDOT:PSS as the hole extraction and an Au electron extraction contact. The simple device architecture,
which is n-type oxide and scaffold free, coupled with easy room temperature fabrication, high efficiency and reproducibility
using economically favorable material rivals strongly with established thin film photovoltaic technologies. The device
power conversion efficiency of 12.3 % at 100 mW cm-2 is remarkable in view of the very thin 350 nm perovskite film.
The high short circuit current of 16.4 mA cm⎯2 and the open circuit potential of 1.05 volt reveal that very few electrons
and holes recombine demonstrating the effectiveness of the hole and electron blocking layer. The data obtained cor-
roborate the hypothesis that the excitons dissociate in the bulk of the material rather than at the interface with the hole
and electron blocking layer. This new class of perovskite solar cell, which is neither "Dye-Sensitized" nor "Mesoscopic"
will find wide spread applications to competitor thin film-based photovoltaic solar cells.

Claims

1. A method for producing a solid state solar cell, the method comprising the steps of:

providing a hole collector layer;
applying a conductive layer onto the hole collector layer;
applying an electron blocking layer onto the conductive layer;
applying a sensitizer layer in direct contact with and onto the electron blocking layer;
coating a hole blocking layer onto the sensitizer layer; and
providing a current collector and/or a metal layer or a conductor, which is in direct contact with the hole blocking
layer,
characterized in that the sensitizer layer having a thickness from 250 nm to 350 nm consists of an organic-
inorganic perovskite being provided by one or more methods selected from physical vapor deposition methods
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group consisting of deposition by sublimation process, cathodic arc deposition, electron beam physical vapor
deposition, thermal evaporation, evaporative deposition, pulse laser deposition, sputter deposition or from chem-
ical vapor deposition; in that the electron blocking layer comprises an electron blocking material being selected
from aromatic amine derivatives being selected from triphenylamine, carbazole, N,N,(diphenyl)-N’,N’di-(alkyl-
phenyl)-4,4’-biphenyldiamine, (pTPDs), diphenylhydrazone, poly [N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)ben-
zidine] (polyTPD), polyTPD substituted by electron donor groups and/or acceptor groups, poly(9,9-dioctylflu-
orene-alt-N-(4-butylphenyl)-diphenylamine (TFB), 2,2’,7,7’-tetrakis-N,N-di-p-methoxyphenylamine-9,9’-spirob-
ifluorene) (spiro-OMeTAD), N,N,N’,N’-tetraphenylbenzidine (TPD); and in that said hole blocking layer com-
prises one hole blocking material being selected from [6,6]-phenyl-C61-butyric acid methyl ester (PCBM),
1,4,5,8,9,11-hexazatriphenylene-hexacarbonitrile (HAT-CN), (C60-Ih)[5,6]fullerene (C60), (C70-D5h)[5,6]fuller-
ene (C70), [6,6]-Phenyl C71 butyric acid methyl ester (PC70BM), and metal oxides.

2. The method of claim 1, wherein the step of applying the sensitizer layer is performed at a vacuum of from 10-2 to
10-10mbar.

3. The method of any one of the preceding claims, wherein the step of applying the sensitizer layer is performed by
deposition by sublimation process, wherein the sensitizer layer consisting of an organic-inorganic perovskite is
provided by co-deposition of one or more sublimated divalent metal salts or sublimated trivalent metal salts and of
one or more sublimated organic ammonium salts.

4. The method of claim 3, wherein the divalent metal salts are of formula MX2 and the trivalent metal salts are of formula
NX3; wherein

M is a divalent metal cation selected from the group consisting of Cu2+, Ni2+, Co2+, Fe2+, Mn2+, Cr2+, Pd2+,
Cd2+, Ge2+, Sn2+, Pb2+, Eu2+, or Yb2+;
N is selected from the group of Bi3+ and Sb3+; and
X is independently selected from Cl-, Br-, I-, NCS-, CN-, and NCO-; and wherein the organic ammonium salts
are selected from AX, AA’ X2, and BX2; wherein
A and A’ are independently selected from organic, monovalent cations selected from primary, secondary, tertiary
or quaternary organic ammonium compounds, including N-containing heterorings and ring systems, A and A’
having from 1 to 60 carbons and 1 to 20 heteroatoms;
B is an organic, bivalent cation selected from primary, secondary, tertiary or quaternary organic ammonium
compounds having from 1 to 60 carbons and 2 to 20 heteroatoms and having two positively charged nitrogen
atoms; and
X is independently selected from Cl-, Br-, I-, NCS-, CN-, and NCO-.

5. The method of anyone of the preceding claims, wherein the step of applying the sensitizer layer comprises heating
the one or more divalent or trivalent salts and the ammonium salts up to their respective sublimation temperature
to obtain a vapor of each salt; depositing said vapors onto the preceding layer; and forming the inorganic-organic
perovskite.

6. A solid state solar cell comprising a hole collector layer under a conductive layer, an electron blocking layer, a
sensitizer layer coated by a hole blocking layer and a current collector layer, wherein the electron blocking layer is
between the conductive layer and the sensitizer layer being in direct contact with said electron blocking layer and
the hole blocking layer is in direct contact with the current collector layer being a metal or a conductor, characterized
in that the sensitizer layer having a thickness from 250 nm to 350 nm consists of an organic-inorganic perovskite
being provided by one or more methods selected from physical vapor deposition methods group consisting of
deposition by sublimation process, cathodic arc deposition, electron beam physical vapor deposition, thermal evap-
oration, evaporative deposition, pulse laser deposition, sputter deposition or from chemical vapor deposition; in that
the electron blocking layer comprises an electron blocking material being selected from aromatic amine derivatives
being selected from triphenylamine, carbazole, N,N,(diphenyl)-N’,N’di-(alkylphenyl)-4,4’-biphenyldiamine, (pTPDs),
diphenylhydrazone, poly [N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine] (polyTPD), polyTPD substituted by
electron donor groups and/or acceptor groups, poly(9,9-dioctylfluorene-alt-N-(4-butylphenyl)-diphenylamine (TFB),
2,2’,7,7’-tetrakis-N,N-di-p-methoxyphenylamine-9,9’-spirobifluorene) (spiro-OMeTAD), N,N,N’,N’-tetraphenylbenzi-
dine (TPD); and in that the hole blocking layer comprises one hole blocking material being selected from [6,6]
-phenyl-C61-butyric acid methyl ester (PCBM), 1,4,5,8,9,11-hexazatriphenylene-hexacarbonitrile (HAT-CN),
(C60-Ih)[5,6]fullerene (C60), (C70-D5h)[5,6]fullerene (C70), [6,6]-Phenyl C71 butyric acid methyl ester (PC70BM),
and metal oxides.
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7. The solid state solar cell of claim 6, wherein the hole collector is the transparent electrode on the side exposed to
the light.

8. The solid state solar cell of any one of claims 6 to 7, wherein the hole blocking layer has a thickness of ≤ 50 nm.

9. The solid state solar cell of any one of claims 6 to 8, wherein the conductive layer is comprises one or more conductive
material selected from poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate):grapheme nanocomposite (PEDOT:PSS:graphene), poly(N-vinylcarba-
zole) (PVK) and sulfonated poly(diphenylamine) (SPDPA).

10. The solid state solar cell of any one of the preceding claims 6 to 9, wherein the hole collector comprises a conducting
layer being selected from conducting glass or conducting plastic and a conducting material being selected from
indium doped thin oxide (ITO), fluorine doped tin oxide (FTO), ZnO-Ga2O3, ZnO-Al2O3, tin-oxide, antimony doped
tin oxide (ATO), SrGeO3 and zinc oxide.

11. The solid state solar cell of any one of the preceding claims 6 to 10, wherein the organic-inorganic perovskite
comprises a perovskite-structure of any one of formulae (I), (II) , (III), (IV), (V) or (VI) below:

AA’MX4 (I)

AMX3 (II)

AA’N2/3X4 (III)

AN2/3X3 (IV)

BN2/3X4 (V)

BMX4 (VI)

wherein,

A and A’ are independently selected from organic, monovalent cations selected from primary, secondary, tertiary
or quaternary organic ammonium compounds, including N-containing heterorings and ring systems, A and A’
having independently from 1 to 60 carbons and 1 to 20 heteroatoms;
B is an organic, bivalent cation selected from primary, secondary, tertiary or quaternary organic ammonium
compounds having from 1 to 60 carbons and 2-20 heteroatoms and having two positively charged nitrogen atoms;
M is a divalent metal cation selected from the group consisting of Cu2+, Ni2+, Co2+, Fe2+, Mn2+, Cr2+, Pd2+,
Cd2+, Ge2+, Sn2+, Pb2+, Eu2+, or Yb2+;
N is selected from the group of Bi3+ and Sb3+; and,
X are independently selected from Cl-, Br-, I-, NCS-, CN-, and NCO-.

Patentansprüche

1. Verfahren zur Herstellung einer Festkörper-Solarzelle, wobei das Verfahren folgende Schritte umfasst:

Bereitstellen einer Lochsammelschicht;
Aufbringen einer leitfähigen Schicht auf die Lochsammelschicht;
Aufbringen einer Elektronenblockierschicht auf die leitfähige Schicht;
Aufbringen einer Sensibilisatorschicht in direktem Kontakt mit der und auf die Elektronenblockierschicht;
Auftragen einer Lochblockierschicht auf die Sensibilisatorschicht und
Bereitstellen eines Stromabnehmers und/oder einer Metallschicht oder eines Leiters, der bzw. die mit der Loch-
blockierschicht in direktem Kontakt steht, dadurch gekennzeichnet, dass die Sensibilisatorschicht, die eine
Dicke von 250 nm bis 350 nm aufweist, aus einem organisch-anorganischen Perowskit besteht, der durch ein
oder mehrere Verfahren, die aus der Gruppe der Verfahren der physikalischen Gasphasenabscheidung beste-
hend aus Abscheidung durch einen Sublimationsprozess, Kathodenlichtbogenabscheidung, physikalischer
Gasphasenabscheidung mit Elektronenstrahlen, thermischer Verdampfung, evaporativer Abscheidung, Puls-



EP 3 044 817 B9

21

5

10

15

20

25

30

35

40

45

50

55

laserabscheidung, Sputterabscheidung oder chemischer Gasphasenabscheidung ausgewählt sind, bereitge-
stellt ist, dass die Elektronenblockierschicht ein Elektronenblockiermaterial umfasst, das aus aromatischen
Aminderivaten, die aus Triphenylamin, Carbazol, N,N, (Diphenyl)-N’,N’-di(alkylphenyl)-4,4’-biphenyldiamin,
(pTPDs), Diphenylhydrazon, Poly-[N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidin] (polyTPD), PolyTPD, das
durch Elektronendonorgruppen und/oder -akzeptorgruppen substituiert ist, Poly(9,9-dioctylfluoren-alt-N-(4-bu-
tylphenyl)diphenylamin (TFB), 2,2’,7,7’-Tetrakis-N,N-di-p-methoxyphenylamin-9,9’-spiro-bifluoren) (Spiro-
OMeTAD), N,N,N’,N’-Tetraphenylbenzidin (TPD) ausgewählt sind, ausgewählt ist; und dass die Lochblockier-
schicht ein Lochblockiermaterial umfasst, das aus [6,6]-Phenyl-C61-buttersäuremethylester (PCBM),
1,4,5,8,9,11-Hexazatriphenylenhexacarbonitril (HAT-CN), (C60-Ih)[5,6]Fulleren (C60), (C70-D5h)[5,6]Fulleren
(C70), [6,6]-Phenyl-C71-buttersäuremethylester (PC70BM) und Metalloxiden ausgewählt ist.

2. Verfahren nach Anspruch 1, wobei der Schritt des Aufbringens der Sensibilisatorschicht bei einem Vakuum von
10-2 bis 10-10 mbar durchgeführt wird.

3. Verfahren nach einem der vorhergehenden Ansprüche, wobei der Schritt des Aufbringens der Sensibilisatorschicht
durch Abscheidung durch einen Sublimationsprozess durchgeführt wird, wobei die aus einem organisch-anorgani-
schen Perowskit bestehende Sensibilisatorschicht durch gemeinsame Abscheidung eines oder mehrerer sublimier-
ter zweiwertiger Metallsalze oder sublimierter dreiwertiger Metallsalze und eines oder mehrerer sublimierter orga-
nischer Ammoniumsalze bereitgestellt wird.

4. Verfahren nach Anspruch 3, wobei die zweiwertigen Metallsalze die Formel MX2 haben und die dreiwertigen Me-
tallsalze die Formel NX3 haben; wobei

M für ein zweiwertiges Metallkation aus der Gruppe bestehend aus Cu2+, Ni2+, Co2+, Fe2+, Mn2+, Cr2+, Pd2+,
Cd2+, Ge2+, Sn2+, Pb2+, Eu2+ oder Yb2+ steht;
N aus der Gruppe Bi3+ und Sb3+ ausgewählt ist und
X unabhängig aus Cl-, Br-, I-, NCS-, CN- und NCO- ausgewählt ist;
und wobei die organischen Ammoniumsalze aus AX, AA’X2 und BX2 ausgewählt sind; wobei A und A’ unabhängig
aus organischen, einwertigen Kationen ausgewählt sind, die aus primären, sekundären, tertiären oder quartären
organischen Ammoniumverbindungen einschließlich N-haltiger Heteroringe und Ringsysteme ausgewählt sind,
wobei A und A’ 1 bis 60 Kohlenstoffatome und 1 bis 20 Heteroatome aufweisen;
B für ein organisches, zweiwertiges Kation steht, das aus primären, sekundären, tertiären oder quartären or-
ganischen Ammoniumverbindungen mit 1 bis 60 Kohlenstoffatomen und 2 bis 20 Heteroatomen und mit zwei
positiv geladenen Stickstoffatomen ausgewählt ist; und
X unabhängig aus Cl-, Br-, I-, NCS-, CN- und NCO- ausgewählt ist.

5. Verfahren nach einem der vorhergehenden Ansprüche, wobei der Schritt des Aufbringens der Sensibilisatorschicht
das Erhitzen des einen oder der mehreren zweiwertigen oder dreiwertigen Salze und der Ammoniumsalze auf ihre
jeweilige Sublimationstemperatur zum Erhalt eines Dampfs jedes Salzes; das Abscheiden der Dämpfe auf der
vorhergehenden Schicht und das Bilden des anorganisch-organischen Perowskits umfasst.

6. Festkörper-Solarzelle mit einer Lochsammeischicht unter einer leitfähigen Schicht, einer Elektronenblockierschicht,
einer Sensibilisatorschicht, die mit einer Lochblockierschicht beschichtet ist, und einer Stromabnehmerschicht, wobei
sich die Elektronenblockierschicht zwischen der leitfähigen Schicht und der SensibilisatorSchicht, die in direktem
Kontakt mit der Elektronenblockierschicht steht, und die Lochblockierschicht in direktem Kontakt mit der Stromab-
nehmerschicht, bei der es sich um ein Metall oder einen Leiter handelt, steht, dadurch gekennzeichnet, dass die
Sensibilisatorschicht, die eine Dicke von 250 nm bis 350 nm aufweist, aus einem organisch-anorganischen Perowskit
besteht, der durch ein oder mehrere Verfahren, die aus der Gruppe der Verfahren der physikalischen Gasphasen-
abscheidung bestehend aus Abscheidung durch einen Sublimationsprozess, Kathodenlichtbogenabscheidung, phy-
sikalischer Gasphasenabscheidung mit Elektronenstrahlen, thermischer Verdampfung, evaporativer Abscheidung,
Pulslaserabscheidung, Sputterabscheidung oder chemischer Gasphasenabscheidung ausgewählt sind, bereitge-
stellt ist, dass die Elektronenblockierschicht ein Elektronenblockiermaterial umfasst, das aus aromatischen Amin-
derivaten, die aus Triphenylamin, Carbazol, N,N, (Diphenyl)-N’,N’-di(alkylphenyl)-4,4’-biphenyldiamin, (pTPDs), Di-
phenylhydrazon, Poly[N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidin] (polyTPD), PolyTPD, das durch Elektro-
nendonorgruppen und/oder -akzeptorgruppen substituiert ist, Poly(9,9-dioctylfluoren-alt-N-(4-butylphenyl)diphenyl-
amin (TFB), 2,2’,7,7’-Tetrakis-N,N-di-p-methoxyphenylamin-9,9’-spirobifluoren) (Spiro-OMeTAD), N,N,N’,N’-Tetra-
phenylbenzidin (TPD) ausgewählt sind, ausgewählt ist; und dass die Lochblockierschicht ein Lochblockiermaterial
umfasst, das aus [6,6]-Phenyl-C61-buttersäuremethylester (PCBM), 1,4,5,8,9,11-Hexazatriphenylenhexacarbonitril
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(HAT-CN), (C60-Ih)[5,6]Fulleren (C60), (C70-D5h)[5,6]Fulleren (C70), [6,6]-Phenyl-C71-buttersäuremethylester
(PC70BM) und Metalloxiden ausgewählt ist.

7. Festkörper-Solarzelle nach Anspruch 6, wobei es sich bei dem Lochsammler um die transparente Elektrode auf
der dem Licht ausgesetzten Seite handelt.

8. Festkörper-Solarzelle nach einem der Ansprüche 6 bis 7, wobei die Lochblockierschicht eine Dichte von ≤ 50 nm
aufweist.

9. Festkörper-Solarzelle nach einem der Ansprüche 6 bis 8, wobei die leitfähige Schicht ein oder mehrere leitfähige
Materialien umfasst, die aus Poly(3,4-ethylendioxythiophen):Poly(styrol-sulfonat) (PEDOT:PSS), Poly(3,4-ethylen-
dioxy-thiophen):Poly(styrolsulfonat):Graphen-Nanokompo-sit (PEDOT:PSS:Graphen), Poly(N-vinylcarbazol)
(PVK) und sulfoniertem Poly(diphenylamin) (SPDPA) ausgewählt sind.

10. Festkörper-Solarzelle nach einem der Ansprüche 6 bis 9, wobei der Lochsammler eine leitfähige Schicht, die aus
leitendem Glas oder leitendem Kunststoff ausgewählt ist, und ein leitendes Material, das aus mit Indium dotiertem
Zinnoxid (ITO), mit Fluor dotiertem Zinnoxid (FTO), ZnO-Ga2O3, ZnO-Al2O3, Zinnoxid, mit Antimon dotiertem Zinn-
oxid (ATO), SrGeO3 und Zinkoxid ausgewählt ist, umfasst.

11. Festkörper-Solarzelle nach einem der Ansprüche 6 bis 10, wobei der organisch-anorganische Perowskit eine Pe-
rowskit-Struktur einer der nachstehenden Formeln (I), (II), (III), (IV), (V) oder (VI) aufweist:

AA’MX4 (I)

AMX3 (II)

AA’N2/3X4 (III)

AN2/3X3 (IV)

BN2/3X4 (V)

BMX4 (VI),

wobei

A und A’ unabhängig aus organischen, einwertigen Kationen ausgewählt sind, die aus primären, sekundären,
tertiären oder quartären organischen Ammoniumverbindungen einschließlich N-haltiger Heteroringe und Ring-
systeme ausgewählt sind, wobei A und A’ unabhängig 1 bis 60 Kohlenstoffatome und 1 bis 20 Heteroatome
aufweisen;
B für ein organisches, zweiwertiges Kation steht, das aus primären, sekundären, tertiären oder quartären or-
ganischen Ammoniumverbindungen mit 1 bis 60 Kohlenstoffatomen und 2-20 Heteroatomen und mit zwei positiv
geladenen Stickstoffatomen ausgewählt ist;
M für ein zweiwertiges Metallkation aus der Gruppe bestehend aus Cu2+, Ni2+, Co2+, Fe2+, Mn2+, Cr2+, Pd2+,
Cd2+, Ge2+, Sn2+, Pb2+, Eu2+ oder Yb2+ steht;
N aus der Gruppe Bi3+ und Sb3+ ausgewählt ist und
X unabhängig aus Cl-, Br-, I-, NCS-, CN- und NCO- ausgewählt ist.

Revendications

1. Procédé pour la production d’une cellule solaire à l’état solide, le procédé comprenant les étapes de :

fourniture d’une couche de collecteur de trous ;
application d’une couche conductrice sur la couche de collecteur de trous ;
application d’une couche de blocage d’électrons sur la couche conductrice ;
application d’une couche de sensibilisateur en contact direct avec et sur la couche de blocage d’électrons ;
revêtement d’une couche de blocage de trous sur la couche de sensibilisateur ; et
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fourniture d’un collecteur de courant et/ou d’une couche métallique ou d’un conducteur, qui est en contact direct
avec la couche de blocage de trous,
caractérisé en ce que la couche de sensibilisateur possédant une épaisseur de 250 nm à 350 nm est constituée
d’une perovskite organique-inorganique fournie par un ou plusieurs procédés choisis dans le groupe des pro-
cédés de dépôt physique en phase vapeur constitués par un dépôt par un processus de sublimation, un dépôt
à arc cathodique, un dépôt en phase vapeur physique par un faisceau d’électrons, une évaporation thermique,
un dépôt évaporatif, un dépôt par laser pulsé, un dépôt par pulvérisation ou par un dépôt chimique en phase
vapeur ; en ce que la couche de blocage d’électrons comprend un matériau de blocage d’électrons choisi parmi
des dérivés d’amine aromatique qui sont choisis parmi la triphénylamine, le carbazole, une N,N-(diphé-
nyl)-N’,N’di-(alkylphényl)-4,4’-biphényldiamine, (pTPDs), la diphénylhydrazone, une poly[N,N’-bis(4-butylphé-
nyl)-N,N’-bis(phényl)benzidine] (polyTPD), une polyTPD substituée par des groupes donneurs et/ou accepteurs
d’électrons, une poly(9,9-dioctylfluorène-alt-N-(4-butylphényl)-diphénylamine (TFB), le 2,2’,7,7’-tétrakis-N,N-
di-p-méthoxyphénylamine-9,9’-spirobifluorène) (spiro-OMeTAD), une N,N,N’,N’-tétraphénylbenzidine (TPD) ;
et en ce que ladite couche de blocage de trous comprend un matériau de blocage de trous qui est choisi parmi
l’ester méthylique de l’acide [6,6]-phényl-C61-butyrique (PCBM), le 1,4,5,8,9,11-hexazatriphénylène-hexacar-
bonitrile (HAT-CN), le (C60-Ih)[5,6]fullerène (C60), le (C70-D5h)[5,6]fullerène (C70), l’ester méthylique de l’acide
[6,6]-Phényl C71 butyrique (PC70BM), et des oxydes métalliques.

2. Procédé selon la revendication 1, l’étape d’application de la couche de sensibilisateur étant réalisée dans un vide
allant de 10-2 à 10-10 mbar.

3. Procédé selon l’une quelconque des revendications précédentes, l’étape d’application de la couche de sensibilisateur
étant réalisée par un dépôt par un processus de sublimation, la couche de sensibilisateur constituée d’une perovskite
organique-inorganique étant fournie par co-dépôt d’un ou plusieurs sels métalliques divalents sublimés ou sels
métalliques trivalents sublimés et d’un ou plusieurs sels d’ammonium organiques sublimés.

4. Procédé selon la revendication 3, les sels métalliques divalents étant de formule MX2 et les sels métalliques trivalents
étant de formule NX3 ; M étant un cation métallique divalent choisi dans le groupe constitué par CU2+, Ni2+, Co2+,
Fe2+, Mn2+, Cr2+, Pd2+, Cd2+, Ge2+, Sn2+, Pb2+, Eu2+, et Yb2+ ;

N étant choisi dans le groupe composé de Bi3+ et Sb3+ ; et
X étant indépendamment choisi parmi Cl-, Br-, I-, NCS-, CN-, et NCO- ;
et les sels d’ammonium organiques étant choisis parmi AX, AA’X2, et BX2 ;
A et A’ étant indépendamment choisis parmi des cations monovalents, organiques choisis parmi des composés
d’ammonium organiques primaires, secondaires, tertiaires ou quaternaires, y compris des hétérocycles et des
systèmes cycliques contenant N, A et A’ possédant de 1 à 60 carbones et 1 à 20 hétéroatomes ;
B étant un cation bivalent, organique choisi parmi des composés d’ammonium organiques primaires, secon-
daires, tertiaires ou quaternaires possédant de 1 à 60 carbones et 2 à 20 hétéroatomes et possédant deux
atomes d’azote chargés positivement ; et
X étant indépendamment choisi parmi Cl-, Br-, I-, NCS-, CN-, et NCO-.

5. Procédé selon l’une quelconque des revendications précédentes, l’étape d’application de la couche de sensibilisateur
comprenant le chauffage du ou des sels divalents ou trivalents et des sels d’ammonium jusqu’à leur température
de sublimation respective pour obtenir une vapeur de chaque sel ; le dépôts desdites vapeurs sur la couche
précédente ; et la formation de la perovskite inorganique-organique.

6. Cellule solaire à l’état solide comprenant une couche de collecteur de trous sous une couche conductrice, une
couche de blocage d’électrons, une couche de sensibilisateur revêtue par une couche de blocage de trous et une
couche de collecteur de courant, la couche de blocage d’électrons étant située entre la couche conductrice et la
couche de sensibilisateur étant en contact direct avec ladite couche de blocage d’électrons et la couche de blocage
de trous étant en contact direct avec la couche de collecteur de courant qui est un métal ou un conducteur, caractérisé
en ce que la couche de sensibilisateur possédant une épaisseur de 250 nm à 350 nm est constituée d’une perovskite
organique-inorganique fournie par un ou plusieurs procédés choisis dans le groupe des procédés de dépôt physique
en phase vapeur constitués par un dépôt par un processus de sublimation, un dépôt à arc cathodique, un dépôt en
phase vapeur physique par un faisceau d’électrons, une évaporation thermique, un dépôt évaporatif, un dépôt par
laser pulsé, un dépôt par pulvérisation ou par un dépôt chimique en phase vapeur ; en ce que la couche de blocage
d’électrons comprend un matériau de blocage d’électrons choisi parmi des dérivés d’amine aromatique qui sont
choisis parmi la triphénylamine, le carbazole, une N,N-(diphényl)-N’,N’di-(alkylphényl)-4,4’-biphényldiamine,
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(pTPDs), la diphénylhydrazone, une poly[N,N’-bis(4-butylphényl)-N,N’-bis(phényl)benzidine] (polyTPD), une po-
lyTPD substituée par des groupes donneurs et/ou accepteurs d’électrons, une poly(9,9-dioctylfluorène-alt-N-(4-
butylphényl)-diphénylamine (TFB), le 2,2’,7,7’-tétrakis-N,N-di-p-méthoxyphénylamine-9,9’-spirobifluorène) (spiro-
OMeTAD), une N,N,N’,N’-tétraphénylbenzidine (TPD) ; et en ce que ladite couche de blocage de trous comprend
un matériau de blocage de trous qui est choisi parmi l’ester méthylique de l’acide [6, 6]-phényl-C61-butyrique (PCBM),
le 1,4,5,8,9,11-hexazatriphénylène-hexacarbonitrile (HAT-CN), le (C60-Ih)[5,6]fullerène (C60), le (C70-D5h)[5,6]ful-
lerène (C70), l’ester méthylique de l’acide [6,6]-Phényl C71 butyrique (PC70BM), et des oxydes métalliques.

7. Cellule solaire à l’état solide selon la revendication 6, le collecteur de trous étant l’électrode transparente sur le côté
exposé à la lumière.

8. Cellule solaire à l’état solide selon l’une quelconque des revendications 6 et 7, la couche de blocage de trous
possédant une épaisseur de ≤ 50 nm.

9. Cellule solaire à l’état solide selon l’une quelconque des revendications 6 à 8, la couche conductrice comprenant
un ou plusieurs matériaux conducteurs choisis parmi un poly(3,4-ethylènedioxythiophène) : poly(sulfonate de sty-
rène) (PEDOT : PSS), un nanocomposite de poly(3,4-ethylènedioxythiophène) : poly(sulfonate de styrène) : gra-
phène (PEDOT : PSS : graphène), un poly(N-vinylcarbazole) (PVK) et une poly(diphénylamine) sulfonée (SPDPA).

10. Cellule solaire à l’état solide selon l’une quelconque des revendications précédentes 6 à 9, le collecteur de trous
comprenant une couche conductrice choisie parmi un verre conducteur et un plastique conducteur et un matériau
conducteur qui est choisi parmi un oxyde fin dopé à l’indium (ITO), un oxyde fin dopé au fluor (FTO), ZnO-Ga2O3,
ZnO-Al2O3, un oxyde d’étain, un oxyde d’étain dopé à l’antimoine (ATO), SrGeO3 et un oxyde de zinc.

11. Cellule solaire à l’état solide selon l’une quelconque des revendications précédentes 6 à 10, la perovskite organique-
inorganique comprenant une structure de perovskite selon l’une quelconque des formules (I), (II), (III), (IV), (V) ou
(VI) ci-dessous :

AA’MX4 (I)

AMX3 (II)

AA’N2/3X4 (III)

AN2/3X3 (IV)

BN2/3X4 (V)

BMX4 (VI)

A et A’ étant indépendamment choisis parmi des cations monovalents, organiques choisis parmi des composés
d’ammonium organiques primaires, secondaires, tertiaires ou quaternaires, y compris des hétérocycles et des
systèmes cycliques contenant N, A et A’ possédant de 1 à 60 carbones et 1 à 20 hétéroatomes ;
B étant un cation bivalent, organique choisi parmi des composés d’ammonium organiques primaires, secon-
daires, tertiaires ou quaternaires possédant de 1 à 60 carbones et 2 à 20 hétéroatomes et
possédant deux atomes d’azote chargés positivement ;
M étant un cation métallique divalent choisi dans le groupe constitué par Cu2+, Ni2+, Co2+, Fe2+, Mn2+, Cr2+,
Pd2+, Cd2+, Ge2+, Sn2+, Pb2+, Eu2+, et Yb2+ ;
N étant choisi dans le groupe composé de Bi3+ et Sb3+ ; et,
X étant indépendamment choisi parmi Cl-, Br-, I-, NCS-, CN-, et NCO-.
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