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ORGANIC-INORGANIC PEROVSKITE MATERIALS AND
OPTOELECTRONIC DEVICES FABRICATED BY CLOSE

[0001]

[0002]

[0003]

SPACE SUBLIMATION

FIELD OF INVENTION

The present invention relates generally to a method of fabricating hybrid
organic-inorganic halide perovskite films and hybrid organic-inorganic halide

perovskite devices.

BACKGROUND OF INVENTION

A perovskite solar cell is a type of solar cell which includes a perovskite
structured material, most commonly a hybrid organic-inorganic halide
perovskite halide material, as a light-absorbing layer. Solar cells based on
hybrid organic-inorganic halide perovskite halide materials, such as
methylammonium tin halides, may be produced with simple solution
processes in a traditional lab environment even at room temperature, while
solar cells based on single crystals of silicon and other semiconducting
compounds require expensive and multi processes, conducted at high

temperatures in a high vacuum in special clean room facilities.

Power conversion efficiencies (PCE) of solar cells using these materials as
light-absorbing layers have increased from 3.8% to 20.1% in current versions.
With the potential of achieving even higher power conversion efficiencies and
the very low production costs, hybrid organic-inorganic halide perovskite
halide perovskite-based solar cells have become commercially attractive.
Such hybrid organic-inorganic halide perovskite films also show strong light
absorption, long-range balanced carrier transport length, and low non-
radiative recombination rates. Moreover, hybrid organic-inorganic halide
perovskite films have potential in light-emitting diodes, lasers and

photodetectors.
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[0005]

[0006]

[0007]

Such hybrid organic-inorganic halide perovskite films have been
fabricated by a variety of vapor assisted solution process, which include
intramolecular exchange, solvent-engineering depositions, sequential
deposition processes, enhanced “reconstruction” processes, and solution-
based hot-casting techniques. Although the vapor assisted solution processes
have routinely produced hybrid organic-inorganic halide perovskite films that
show the power conversion efficiencies larger than 16%, the processes are
expensive and impractical for a large-scale fabrication of hybrid organic-

inorganic halide perovskite films.

More scalable techniques, such as spray-coating, inkjet printing, slot-die
coating, doctor-blade coating, and hybrid chemical vapor deposition, have
been developed. However, these techniques have failed to fabricate hybrid
organic-inorganic halide perovskite films with comparable power conversion

efficiencies larger than 15%.

SUMMARY OF INVENTION

In one aspect, one or more embodiments of the invention relate to a
method of fabricating a hybrid organic-inorganic halide perovskite film that
includes depositing a precursor layer onto a substrate, the precursor layer
comprising metal halide, placing an organic source-material layer onto a boat,
the organic source-material layer comprising an organic cation and annealing
the precursor layer and the organic source-material layer in a vacuum

chamber enclosed in a constrained volume.

In another aspect, one or more embodiments of the invention relate to a
hybrid organic-inorganic halide perovskite solar cell device that includes a
substrate, a hole blocking layer, a n-type semiconductor layer, the hybrid
organic-inorganic halide perovskite film as a light-absorbing layer, a p-type

semiconductor layer, and a metal grid.
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[0008]

[0009]

[0010]

[0011]

[0012]

[0013]

In another aspect, one or more embodiments of the invention relate to a
hybrid organic-inorganic halide perovskite photodetector that includes a
substrate, a transparent conductive oxide (TCO) layer, a p-type semiconductor
layer, the hybrid organic-inorganic halide perovskite film as a light absorbing
layer, a n-type semiconductor layer, a hole blocking layer, and a metal

contact.

In another aspect, one or more embodiments of the invention relate to a
hybrid organic-inorganic halide perovskite thin film light emitting transistor
that includes a gate, a gate oxide layer, the hybrid organic-inorganic halide
perovskite film as a channel and light-emitting layer, a capping layer, a

source, and a drain.

In another aspect, one or more embodiments of the invention relate to a
hybrid organic-inorganic halide perovskite thin film light emitting device that
includes a substrate, a p-type hole injecting layer, the hybrid organic-
inorganic halide perovskite film as a light emitting layer, an n-type electron

injecting layer, a hole-injecting material, and a metal contact.

Other aspects and advantages of the invention will be apparent from the

following description and the appended claims.

BRIEF DESCRIPTION OF DRAWINGS

Embodiments of the invention will be described with reference to the
accompanying drawings. However, the accompanying drawings illustrate
only certain aspects or implementations of one or more embodiments of the
invention by way of example and are not meant to limit the scope of the

claims.

FIG. 1(a) is a schematic perspective view of a three-dimensional (3D)
perovskite structure. FIG. 1(b) is a schematic perspective view of a two-

dimensional (2D) layered perovskite.
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[0014]

[0015]

[0016]

[0017]

[0018]

[0019]

[0020]

[0021]

[0022]

[0023]

FIG. 2 illustrates an example closed-space sublimation (CSS) system in

accordance with one or more embodiments.

FIG. 3 illustrates an example method for fabricating a hybrid organic-
inorganic halide perovskite thin film in accordance with one or more

embodiments.

FIG. 4(a) illustrates a photograph of an example precursor layer before
annealing in the CSS system in accordance with one or more embodiments.
FIG. 4(b) illustrates a photograph of an example hybrid organic-inorganic
halide perovskite layer after annealing in the CSS system in accordance with

one or more embodiments.

FIG. 5 illustrates transmittance spectra of hybrid organic-inorganic
perovskites layers and precursor layers in accordance with one or more

embodiments.

FIGs. 6(a)-6(c) illustrate scanning electron microscopy (SEM) images of
hybrid organic-inorganic halide perovskite layers in accordance with one or

more embodiments.

FIG. 7 illustrates an atomic force microscope (AFM) image of

CH;NH;PbI;_Cl, film in accordance with one or more embodiments.

FIG. 8 illustrates an X-Ray diffraction pattern of hybrid organic-inorganic

halide perovskite films in accordance with one or more embodiments.

FIG. 9 illustrates an absorption coefficient of a precursor film and hybrid
organic-inorganic halide perovskite films in accordance with one or more

embodiments.

FIG. 10 illustrates a complex refractive index of a hybrid organic-
inorganic halide perovskite film in accordance with one or more

embodiments.

FIG. 11 illustrates an example hybrid organic-inorganic halide perovskite

solar cell device stack in accordance with one or more embodiments.
4
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[0028]
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[0030]

[0031]

[0032]

FIG. 12 illustrates an example hybrid organic-inorganic halide perovskite

photodetector in accordance with one or more embodiments.

FIG. 13 illustrates an example hybrid organic-inorganic halide perovskite
thin film light emitting transistor in accordance with one or more

embodiments.

FIGs. 14(a) and 14(b) illustrate light emitting devices in accordance with

one or more embodiments.

FIG. 15 illustrates a power conversion efficiency (PCE) measurement of
hybrid organic-inorganic halide perovskite films in accordance with one or

more embodiments.

FIG. 16 illustrates a current-voltage (J-V) measurement of hybrid organic

perovskite films in accordance with one or more embodiments.

FIG. 17 illustrates an external quantum efficiency (EQE) and a cell short-
circuit current J. of a hybrid organic perovskite film in accordance with one

or more embodiments.

FIGs. 18(a)18(b), and 18(c) illustrate uniformity of a solar cell device in

accordance with one or more embodiments.

FIG. 19 illustrates a batch-to-batch variation of a power conversion
efficiency (PCE) of a hybrid organic-inorganic halide perovskite film in

accordance with one or more embodiments.

DETAILED DESCRIPTION

Specific embodiments of the invention will now be described in detail
with reference to the accompanying figures. Like elements in the various
figures are denoted by like reference numerals for consistency. Further, the
use of “FIG.” in the drawings is equivalent to the use of the term “Figure” in

the description.
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[0034]

[0035]

[0036]

In the following detailed description of embodiments of the invention,
numerous specific details are set forth in order to provide a more thorough
understanding of the invention. However, it will be apparent to one of
ordinary skill in the art that the invention may be practiced without these
specific details. In other instances, well-known features have not been

described in detail to avoid unnecessarily complicating the description.

In general, embodiments of the claimed invention relate to hybrid organic-
inorganic halide perovskite films having a crystal structure, AMX3, in which
X 1s typically a halide anion such as I', Br, CI" F, and any combination
thereof, M is a divalent metal cation selected from Cu,", Ni,", Co,", Fe,",
Mn,", Pd,", Cd,", Ge,", Sn,", Pb,", and Eu,", and is preferably selected from
Sn,", Pb,", and A is an organic cation, usually a small, and monovalent or
divalent organic cation, such as methylammonium (CH;NH;"),
ethylammonium  (CH;CH,NH;"), tetramethylammonium  (N(CH3),"),
formamidinium (NH,CHNH,"), and guanidinium (C(NH,);").

Overview of Perovskite Materials

Perovskite materials are compounds that have the same type of crystal
structure as calcium titanium oxide (CaTiO;), known as the perovskite
structure, AMX3, where A and M are two cations of very different sizes, and
X 1s an anion that bonds to both. Traditional metal-oxide perovskites
materials display a wide range of fascinating electromagnetic properties,
including ferroelectricity and piezoelectricity, superconductivity and high

magnetoresistance .

Hybrid organic-inorganic halide perovskite materials have attracted
considerable attention due to their high power conversion efficiencies. In
hybrid organic-inorganic halide perovskite e materials, X is a halide anion
(Cl, Br or I), A is a small, monovalent or divalent organic cation such as
methyl ammonium (CH;NH;3"), ethyl ammonium (CH;CH,NH;"),
formamidinium (NH,CHNH,") and guanidinium (C(NH,);"), and M is a

6
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[0037]

[0038]

divalent metal cation (Cu,", Ni,", Co,", Fe,", Mn,", Pd,", Cd,", Ge,", Sn,",
Pb,", Eu,", etc.). Such hybrid organic-inorganic halide perovskite films may
be formed in a three-dimensional (3D) structure, as shown in FIG. 1(a),
ideally cubic perovskite structure, or a two-dimensional (2D) layered structure
as shown in FIG. 1(b), depending on the sizes of the two cations A and M.
Generally, when the organic cation A is small, for example, CH;NH;" or
NH,CHNH,", the hybrid organic-inorganic halide perovskite material may be
formed in a 3-D structure. Otherwise, a 2-D layered structure will be formed.
Their crystallographic stability and probable structure may be estimated {from
a tolerance factor t and octahedral factor p. Here the tolerance factor t is
defined as t = (Ry" Rx)/{2"*(Ry" Rx)}, where Ra, Ry and Ry are the ionic
radii of the cations A and M, and the anion X, respectively, and p is defined

as the ratio Ry/Rx. The tolerance fact t may be between 0.85 and 1.

While 2-D layered hybrid organic-inorganic halide perovskite films have
been extensively studied mainly for applications in light emitting diodes and
thin film transistors, 3-D hybrid organic-inorganic halide perovskite films
have been studied for light-absorbing layers in solar cells. In 3-D hybrid
organic-inorganic halide perovskite films for solar cells, the organic cation A
is generally methyl ammonium (CH;NH;" R, = 0.18 nm) or formamidinium
(NH,CHNH," Rj = 0.19-0.22 nm). The anion X is a halogen, generally I (Rx
= 0.22nm), Br (Rx = 0.196 nm), Cl (Rx = 0.181 nm), or any combination
thereof. The metal cation M has universally been Pb (Ry; = 0.119 nm) or Sn
(Ry=0.110 nm).

Due to their strong tendency to crystallize, even at room temperature,
hybrid organic-inorganic halide perovskite films may be conveniently
deposited by a low temperature (at room temperature) solution process, using
a solution of the source materials (i.e., the organic cation A and the metal
halide MX,). In a typical solution process, crystallization of perovskite

materials occurs due to evaporation of the source materials. In other vapor
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[0039]

[0040]

[0041]

assisted processes, a low temperature annealing or a solvent extraction
approach may subsequently be employed to facilitate evaporation of the
solution. Since the solution processes are simple and easily approachable,
tremendous amount of studies achieved recently in the art is predominantly
based on the solution processes. These include intramolecular exchange,
solvent-engineering depositions, sequential deposition processes, enhanced

“reconstruction” processes, and solution-based hot-casting techniques.

Perovskite materials in the form of AMXj;, according to one or more
embodiment, have a 3-D structure as shown in FIG 1(a), wherein A is at least
one cation, M is at least one cation and X 1s at least one anion. Perovskite
materials in the form of A,MXy, according to one or more embodiment, have
a 2-D layered structure as shown in FIG 1(b), wherein A is at least one cation,

M is at least one cation and X is at least one anion.
Separated Layers in a Constrained Volume

In one more embodiments, a semiconducting hybrid organic-inorganic
halide perovskite film may be fabricated by annealing the film in a
constrained volume. FIG. 2 illustrates an example closed-space sublimation
(CSS) system 200. The CSS system 200 includes a first heater 202, a second
heater 204, a boat 206, a substrate 208, an organic source-material layer 210,
and a precursor layer 212. The term “layer” is used interchangeably herein

with “film.”
Heaters

The first heater 202 may be suitable for heating the boat 206. The second
heater 204 may be any suitable for heating the substrate 208. For example, in
one embodiment each of the heaters 202, 204 may be a halogen lamp (500-
1000 W) connected to a PID temperature controller with K-type thermocouple
(Chromel & Alumel, 25-1350 °C). In alternative embodiments, heaters 202,
204 may be any suitable heating source. The heaters 202, 204 may provide

heat via conduction, convection, radiation, or any combination thereof.
8
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[0042]

[0043]

[0044]

[0045]

[0046]

As wused herein, the term “proportional-integral-derivative (PID)
controller” refers to a control loop feedback controller commonly used in
industrial control systems. A PID controller continuously calculates an error
value as the difference between a desired setpoint and a measured process

variable.

In one or more embodiments, the heaters 202 and 204 may be separated by

1-2 mm, and preferably 1.2 mm.

As used herein, the term “thermocouple” refers to an electrical device
consisting of two different conductors forming electrical junctions at differing
temperatures. A thermocouple produces a temperature-dependent voltage as a
result of the thermoelectric effect, and this voltage can be interpreted to
measure temperature. Type K is the most common general purpose
thermocouple with a sensitivity of 28 to 42 uV/°C. It is inexpensive, and a

wide variety of probes are available in its =200 °C to +1350 °C range.
Substrates

The boat 206 and the substrate 208 may be any suitable substrates capable
withstanding high temperatures (between 100 and 200° C), and pressures (1 —
500 Torr). The boat 206 and the substrate 208 may provide structural support
for the organic source-material layer 210 and the precursor layer 212. For
example, the boat 206 may be formed of aluminum, tungsten, graphite,
stainless steel, another suitable substrate, or any combination thereof, and the
substrate 208 may be formed of soda-line glass, flexible plastic substrates,

stainless steel, another suitable substrate, or any combination thereof.
Precursor layer and source-material layer

The precursor layer 212 may be any suitable metal halide MX,, in which
X may be any suitable halide anion such as I', Br, CI' F, and any
combination thereof, and M may be any suitable a divalent metal cation such

as Cllz+, Ni2+, C02+, F62+, MH2+, Pd2+, Cd2+, G62+, SH2+, Pb2+, and Ellz+
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[0048]

[0049]

[0050]

described previously. The precursor layer 212 may be deposited on the
substrate 208. Deposition of the metal halide MX, may be performed using
any suitable thin film deposition process, such as, chemical-vapor deposition,
evaporation, atomic-layer deposition, sputtering, particle coating, electro-
deposition, another suitable deposition process, or any combination thereof.
The precursor layer 212 may be any suitable thickness. In one or more
embodiments, the coating layer of the substrate 208 may have a thickness of

30 nm to 500 nm.

The organic source-material layer 210 may be any suitable organic
material, such as the small, monovalent or divalent organic cations, methyl
ammonium (CH;NH;"), ethyl ammonium (CH;CH,NH;"), formamidinium
(NH,CHNH,") and guanidinium (C(NH,);"), described previously. The

organic source-material layer 210 may be any suitable thickness.

In one more embodiments, the boat 206 may be of pressed-tablet shape
and of size of 10 cm x 10 cm. In one or more embodiments, the organic
source-material layer 210 may be any suitable thickness. In one or more
embodiments, the organic source-material layer 210 may have a thickness of

Imm % 0.1 mm.

The CSS system 200 may be capable of performing high-pressure, high-
temperature processes. The deposition and annealing conditions in the CSS
system 200 may be precisely controlled, monitored, and adjusted to optimize
the deposition and annealing conditions yield high throughput, large area
uniformity, flexibility in designing of fabricated materials. The CSS system
200 may be enclosed in a constrained volume, with minimal dead space in a
mechanical-pumped vacuum chamber capable of base pressures of 0.001-
0.01Torr, operating temperatures 25-300°C, and processing times of 1min-2

hours.

Although FIG. 2 illustrates a particular arrangement of the heaters 202,
204, the boat 206, substrate 208, the precursor layer 212, and the organic

10
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source-material layer 210, the scope of the invention should not be considered
limited to these specific arrangements. For example, the CSS system 200
may include a flexible continuous web that carries the individual components
into the vacuum chamber. Moreover, although FIG. 2 illustrates a particular
number of heaters 202, 204, boats for the organic source material 206,
substrates 208, precursor layers 212, and organic source-material layers 210,
the scope of the invention should not be considered limited to these specific
numbers. For example, the CSS system 200 may include multiple precursor

layers 212 or organic source-material layers 210.
Insertion of Layers

In one more embodiments, the CSS system 200 may introduce the organic
source-material layer 210 into proximity with the precursor layer 212. Any
suitable mechanism may be used to introduce the organic source-material
layer 210 into proximity with the precursor layer 212. For example, the
precursor layer 212 and the organic source-material layer 210 may be
manually inserted into the vacuum chamber of the CSS system 200 such that
the precursor layer 212 and the organic source-material layer 210 are directly
facing each other in the vacuum chamber. In one more embodiments, the
precursor layer 212 and the organic source-material layer 210 may be
separated from each other by a specified distance. The surface of the
precursor layer 212 may be parallel to the organic source-material layer 210.
For example, the precursor layer 212 and the organic source-material layer
210 may be separated from each other by 1-2 mm. As yet another example,
the precursor layer 212 and the organic source-material layer 210 may be in
contact with each other. In one more embodiments, the organic source-
material layer 210 may be introduced over the precursor layer 212. For
example, the precursor layer 212 may be manually inserted into the vacuum
chamber of the CSS system 200 such that the precursor layer 212 is lying in a

horizontal position. The organic source-material layer 210 may then be

11
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manually inserted into the vacuum chamber of the CSS system 200 such that
the organic source-material layer 210 is also lying in a horizontal position
opposite to the precursor layer 212. Although this disclosure describes
introducing the organic source-material layer 210 over the precursor layer 212
in a particular manner, the scope of the invention should not be considered

limited to this specific manner.
Pressure

In one more embodiments, the CSS system 200 may anneal the precursor
layer 212 in the presence of the organic source-material layer 210. The
annealing may be performed in the constrained volume under isochoric,
1sobaric, isothermal, or other suitable conditions. The annealing may be
performed at any suitable pressure. For example, annealing may occur under
vacuum, under partial vacuum, at atmospheric pressure, or with an
overpressure of gas. In one or more embodiments, annealing may occur at 1 —
500 Torr. During annealing, the organic source material will sublimate at
temperatures between 100 and 200° C, creating an atmosphere above the
organic source-material layer 210 that has a high concentration of metal
halide. As the organic source-material layer 210 decomposes into gaseous
components, the constrained volume in the CSS system 200 may create an
overpressure of organic halide. In one more embodiments, the decomposition
reaction of the organic source material may be further controlled by adding
N, O,, air, H,, or any combination thereof to the CSS system 200 to control
the partial pressure of each gas. By maintaining relatively high partial
pressures of these gases, the decomposition of the precursor layer 212 at
temperatures between 100 and 200° C, may be reduced or suppressed by
shifting the equilibrium of the decomposition reaction of the organic source
material, such that it is slowed or even reversed. Thus, the precursor layer
212 may be annealed at temperatures between 100 and 200° C, without any

decomposition. In one or more embodiments, the organic source material

12
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[0054]

[0055]

[0056]

may intercalate the precursor layer 212 and reconstruct the crystal structure in
the precursor layer 212. The resulting structure largely depends on the size of
the organic cations in the organic source material. Small organic cations may
result in 3-D perovskite structure, while large organic cations may result in 2-

D layered perovskite structure.

In one more embodiments, other gaseous components may be added to the
CSS system 200 during annealing. For example, the atmosphere during
annealing may comprise Dimethylformamide (DMF), Dimethyl sulfoxide
(DMSO), gamma-Butyrolactone (GBL), Methylamine (CH;NH,), Hydrogen
1odide (HI), another suitable gas, or any combination thereof. In one more
embodiments, the total pressure of the gas atmosphere in the CSS system 200

may range from, for example, 1 to 500 Torr.
Temperatures

In one or more embodiments, the first heater 202 and the second heater
204 may heat the boat 206 and the substrate 208 to a first temperature
(between 100 to 200° C) and a second temperature (between 100 to 200° C),
respectively, during annealing. The boat 206 and the substrate 208 may then
be held at the first temperature and at the second temperature, respectively,
for 2-10 minutes. The boat 206 and the substrate 208 may then be cooled to
a third temperature of 25°C-50°C.

Although this disclosure describes annealing the precursor layer 212 in a
particular manner, the scope of the invention should not be considered limited

to this specific manner.
Methods

FIG. 3 illustrates an example method 300 for fabricating a hybrid organic-
inorganic halide perovskite thin film by annealing the precursor layer 212 and

the organic source-material layer 210 in the constrained volume.

13
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[0060]

[0061]

At STEP 310, the precursor layer 212 is deposited onto the substrate 208.
The precursor layer 212 may comprise any suitable metal halide MX,, in
which X may be any suitable halide anion such as I', Br, CI" F, and the any
combination thereof, M may be any suitable a divalent metal cation such as
Cu,", Ni,", Co,", Fe,", Mn,", Pd,", Cd,", Ge,", Sn,", Pb,", and Eu," described

previously.

At STEP 320, the substrate 208, on which the precursor layer 212 is

deposited, may be inserted into the vacuum chamber of the CSS system 200.

At STEP 330, the organic source-material layer 210 on the boat 206 may
be introduced opposite to the precursor layer 212. The organic source-
material layer 210 on the boat 206 may comprise any suitable organic
material, such as the small, monovalent or divalent organic cations, methyl
ammonium (CH;NH;"), ethyl ammonium (CH;CH,NH;"), formamidinium

(NH,CHNH,") and guanidinium (C(NH,);"), described previously.

At STEP 340, the CSS system 200 may anneal the precursor layer 212 and
the organic source-material layer 210 in proximity with each other.

Annealing may be performed in the constrained volume.

Particular embodiments may repeat one or more steps of the method of
FIG. 3, where appropriate. Although this disclosure describes and illustrates
particular steps of the method of FIG. 3 as occurring in a particular order, the
scope of the invention should not be considered limited to this particular
order. For example, method 300 may be repeated multiple times with
repeated deposition of precursor layers to provide a multi-layered variable or
graded band gap absorber. Moreover, although this disclosure describes and
illustrates particular components, devices, or systems carrying out particular
steps of the method of FIG. 3, the scope of the invention should not be

considered limited to these particular components, devices, or systems.

14
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Observed properties

FIG. 4(a) illustrates a photograph of an example precursor layer 212 on a
substrate 208 (transparent) before annealing in the CSS system 200. FIG.
4(b) illustrates a photograph of the precursor layer 212 after annealing in the
CSS system 200. The Layer 212 takes on red brown hue, a hybrid organic-
inorganic halide perovskite is formed. In this example, the precursor layer
212 comprises lead chloride, PbCl,, and was deposited onto the substrate 208
by evaporation. The substrate 208, on which the precursor layer 212 is
deposited, was then inserted into the vacuum chamber of the CSS system 200.
The organic source-material layer 210 comprises methylammonium
(CH;NH;"), and was placed onto a boat 206. The boat 206, on which the
organic source-material layer 210 i1s placed, was inserted into the vacuum
chamber of the CSS system 200 opposite to the precursor layer 212. During
annealing, the first heater 202 for heating the boat 206 was set 100 -170 °C
and the second heater 204 for heating the substrate 208 was set 100-160 °C,
for a time duration of 2-10 min. The hybrid organic-inorganic halide

perovskite layer fabricated in this example comprises CH;NH;PbI;_Cl,.

FIG. 5 illustrates transmittance spectra of hybrid organic-inorganic
perovskites layers, CH;NH;Pbl; (a) and CH3NH;PblI; (Cl, (b), respectively,
and their originating precursor layers, Pbl, (c) and PbCl, (d). The organic
source materials are methylammonium (CH3;NH;"). Both of the hybrid
organic-inorganic halide perovskite layers (a), (b) show similar transmittance
spectra, while they differ at a wavelength 550 nm to 750 nm. At a
wavelength around 800 nm and below, the transmission is significantly low,
leading to a high absorption efficiency of about 80%. The wavelength about
800 nm corresponds to a bandgap energy 1.55 eV of the hybrid organic-
inorganic halide perovskite layers, CH;NH;Pbl; (Cl, and CH;NH;Pbl;, which
1s in good agreement with data reported for such thin films fabricated solely

by a vapor assisted solution process. Furthermore, both of the films in these
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examples are uniform over a size of 5 cm x 5 cm. However, it should be
noted that the size is limited by an example CSS system 200. In other words,
hybrid organic-inorganic halide perovskite films of a larger-scale uniformity

may be fabricated when the CSS system 200 is scaled up in size.

FIGs. 6(a)-6(c) illustrate scanning electron microscopy (SEM) images of
the hybrid organic-inorganic halide perovskite layers, CH;NH;Pbl; ,Cl; and
CH;NH;Pbl;, described above. FIGs. 6(a) and 6(b) show that CH;NH;PbI;
film and CH3;NH;PbI;_(Cl, film, fabricated at a pressure 2.5 Torr, have large
grains of micrometers, which are densely interconnected with minimal
defects, while thin films fabricated solely by a vapor assisted solution process
typically have smaller grains of hundreds of nanometers with porous
morphology. FIG. 6(c) shows that CH;NH;Pbl; Cl, film, fabricated at an

increased pressure 50 Torr, has larger grains of 1-4 um.

As a hybrid organic-inorganic halide perovskite film, used as a light-
absorbing layer in a solar cell, has typically thickness of 350 nm + 30 nm,
larger grain sizes may contribute to reduce recombination and scattering of
charge carriers at grain boundaries, and produce high performance solar cells.
Such defect-free films with larger grain sizes may be partly attributed to the

process without solvation or dewetting processing.

Further, CH;NH;Pbl; film shown in FIG. 6(a) and CH;NH;Pbl;_,Cl, film
shown in FIG. 6(b), fabricated in the CSS system 200 in accordance with one
or more embodiments, show no apparent difference in surface morphologies.
This may suggest that Cl ions do not play a critical role in crystal growth and
surface morphology in a vapor assisted solution process, possibly because Cl
ions are released from the precursor layer 212 during annealing at a

temperature of 150 °C.

FIG. 7 illustrates an atomic force microscope (AFM) image of
CH;NH;PbI;Cl, film shown in FIG. 6(a) and shows a relatively low

roughness with the root-mean-square roughness of 29 nm.
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As used herein, the term “root-mean-square roughness” refers to the
square root of the sum of the squares of the individual heights and depths

from the mean height of a surface.

FIG. 8 illustrates an X-Ray diffraction pattern of hybrid organic-inorganic
halide perovskite films in accordance with one or more embodiments. The
precursor layer may comprise Pbl; in one film (a), PbCl, in the other films
(b), (¢), and a substrate TiO, (d). The diffraction patterns show the primary
peaks and may be used for identifying the crystal structures of the hybrid
organic-inorganic halide perovskite layers, in which the crystalline atoms
cause a beam of incident X-ray to diffract into many specific directions.
These diffracted beams at angles 13.95°, 28.26°, and 31.72° correspond to
beams diffracted at (110), (220), and (310) planes for the films (a), (b), and

(c).

As used herein, the notation “(hk€)” (h, k, and € are integers) refers to
Miller indices form a notation system in crystallography for planes in crystal

(Bravais) lattices.

In the films (a) and (b), fabricated in the CSS system 200 in accordance
with one or more embodiments, the primary peak for (310) has larger
intensity than the peaks for (110) and (220), whereas in the film (c),
fabricated by a variety of vapor assisted solution process with PbCl,, no
significant primary peak for (310) was observed. The difference in the crystal
structures between the films (a), (b) and the film (c) may be attributed growth
competition between different crystalline phase orientations, since there are
no excess organic source materials at the beginning of annealing to react with
the metal halide to form a crystal structure in a preferred orientation in
accordance with one or more embodiments. This is in contrast with a variety
of vapor assisted solution process, in which there are excess organic source
materials at the beginning of annealing to form a crystal structure in a

preferred orientation. Further it should be noted that, in such crystallization,
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Cl in the CH;NH;Pbl; ,Cl, film may full be crystalized into CH;NH;Pbl; (Cl,
film, without leaving a crystalline phase related to Cl, which is in good
agreement with data reported for such thin films fabricated solely by a vapor

assisted solution process.

FIG. 9 illustrates an absorption coefficient of a PbCl, precursor film (a)
and hybrid organic-inorganic halide perovskite CH;NH;Pbl; ,Cl films (b), (c)
calculated from observed transmittance spectra in an ultraviolet to visible
wavelength range. The PbCl, precursor film (a) deposited on a substrate is
transparent (i.e., no absorption). As excepted, the absorption coefficient of
the hybrid organic-inorganic halide perovskite films increases as annealing in
the CSS system 200 in accordance with one or more embodiments progresses.
FIG. 9 shows that the film annealed for 2.5 minutes (b) has a larger absorption

coefficient than the film annealed for 1 minute (c).

FIG. 9 further shows an onset in the absorption coefficient at a wavelength
about 800 nm, which corresponds to a bandgap energy 1.55 eV of the hybrid
organic-inorganic halide perovskite CH;NH;Pbl;Cl; films. The two
additional peaks in the absorption coefficient at wavelengths 760 nm and 480
nm may be attributed to gapless electronic transitions between VB; (first
valence band maximum) and CB; (conduction band minimum) and ones
between the ones of VB, (second valence band maximum) and CBj,
respectively, which is in good agreement with data reported for such thin
films fabricated solely by a vapor assisted solution process. As those
electronic transitions involve no energy gap, there are no significant effects in

the absorption coefficient.

FIG. 10 illustrates a complex refractive index of a hybrid organic-
mnorganic halide perovskite film in accordance with one or more

embodiments, obtained by variable-angle spectroscopic ellipsometry (VASE).

As used herein, the term “complex refractive index” refers to a property of

a medium that quantifies the attenuation and the decrease in the local phase
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velocity of light propagating in the medium compared to its phase velocity in
vacuum. Specifically, the real part n 1s the refractive index and indicates the
phase velocity, while the imaginary part « is the extinction coefficient and

indicates the amount of attenuation of the light.

As used herein, the term “ellipsometry” refers to an optical technique for
investigating dielectric properties (complex refractive index or dielectric
function) of thin films. Ellipsometry measures the change of polarization

upon reflection or transmission and compares it to a model.

The extinction coefficient k exhibits three distinct peaks at wavelengths
760 nm, 480 nm, and 390 nm. The first two peaks at wavelengths 760 nm,
480 nm are consistent with the peaks in the absorption coefficient at
wavelengths 760 nm and 480 nm shown in FIG. 9, and also in good
agreement with data reported for such thin films fabricated solely by a vapor
assisted solution process. The real part of the complex refractive index n 1s
measured between 1.9 to 2.5 in the range of wavelength between 400 and 900

nm.

In this range of wavelength, the refractive indices of blocking layers,
fluorine-doped tin oxide (FTO) and TiO, are between 1.7 and 2, and between
2 and 2.4. As used herein, the term “blocking layer” refers to an anti-
reflection layer that blocks reflection of incoming light and increases light
absorption. As a result, even without any widely-used light trapping schemes
in solar cells, such as texture surface and antireflective coating, the light
reflection may be reduced and the light path length may be increased, leading
to a high absorption. Such blocking layers with the anti-reflection effect may
provide an ideal top cell in a monolithic solar cell made of a perovskite layer

and silicon.
Device Stacks

FIG. 11 illustrates an example hybrid organic-inorganic halide perovskite

solar cell device stack 1100. A hybrid organic-inorganic halide perovskite
19
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film layer fabricated by the methods described previously may be
incorporated into the example device structure illustrated in FIG. 11. The
device stack 1100 includes a substrate 1110, a hole blocking layer 1120, a n-
type semiconductor layer 1130, a light-absorbing layer 1140, a p-type

semiconductor layer 1150, and a metal grid 1160.

In one or more embodiments, the substrate 1110 may be fluorine-doped tin
oxide (FTO) coated glass and may have thickness of 0.7-3 mm. The hole
blocking layer 1120, deposited onto the substrate 1110 by sputtering, may be
TiO, and may have thickness of 10-50 nm. The n-type semiconductor layer
1130 may be n-type TiO, and may have thickness of 20-100 nm_  The
precursor layer may be PbCl, and deposited onto the n-type semiconductor
layer 1130. The light-absorbing layer 1140 may be a CH;NH;Pbl;Cl, thin

film as described herein and may have thickness of 50-500 nm.

In one or more embodiments, the device stack may be a planar-structured
device. The PbCl, precursor layer may be evaporated onto the n-type TiO,
layer 1130, and the light-absorbing layer 1140 may be fabricated by the

methods described previously.

In one or more embodiments, the device stack 1100 may be a nano-
structured device. The PbCl, precursor layer may be infiltrated into the
mesoprous n-type TiO2 layer 1130. As used herein, the term “mesoprous”

refers to having pores with diameters between 2 and 50 nm.

In one or more embodiment, the p-type semiconductor layer 1150 may be
a p-type hole conductor, 2,2°,7,7 -tetrakis-(N,N-di-p-methoxyphenylamine)-
9,9-spirobifluorene (spiro-MeOTAD) and may have thickness of 20-100 nm.
The metal grid 1160 may be Ag and may have thickness of 50-200 nm.

Although FIG. 11 illustrates a particular arrangement of a substrate 1110,
a hole blocking layer 1120, a n-type semiconductor layer 1130, a light-
absorbing layer 1140, a p-type semiconductor layer 1150, and a metal grid

1160, the scope of the invention should not be considered limited to the
20
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particular arrangement. For example, the position of the p-type
semiconductor layer 1150 and the light-absorbing layer 1140 may be
switched, such that the p-type semiconductor layer 1150 may be deposited on
the substrate 1110 and the light-absorbing layer 1140 may be deposited on the
p-type semiconductor layer 1150. Moreover, although FIG. 11 illustrates a
particular number of hole blocking layers 1120, n-type semiconductor layers
1130, light-absorbing layers 1140, p-type semiconductor layers 1150, and
metal grids 1160, the scope of the invention should not be considered limited

to this particular number.

FIG. 12 illustrates an example hybrid organic-inorganic halide perovskite
photodetector 1200. A hybrid organic-inorganic halide perovskite film layer
fabricated by the methods described previously may be incorporated into the
example device structure illustrated in FIG 12. The photodetector 1200
includes a substrate 1210, a transparent conductive oxide (TCO) layer 1270, a
p-type semiconductor layer 1250, a light absorbing layer 1240, a n-type
semiconductor layer 1230, a hole blocking layer 1220 and a metal contact

1260.

In one or more embodiments, the substrate 1210 may be fluorine-doped tin
oxide (FTO) coated glass and may have thickness of 0.7-3 mm. The
transparent conductive oxide (TCO) layer 1270 may be Indium tin oxide
(ITO) and may have thickness of 50-800 nm. The p-type semiconductor layer
1250 may be a p-type hole conductor, 2,2°)7,7-tetrakis-(N,N-di-p-
methoxyphenylamine)-9,9-spirobifluorene (spiro-MeOTAD) and may have
thickness of 20-100 nm. The light-absorbing layer 1240 may be a hybrid
organic-inorganic halide perovskite film, such as CH;NH;Pbl;Cl, thin film
as described herein and may have thickness of 50-1000 nm. The n-type
semiconductor layer 1230 may be n-type TiO, and may have thickness of 20-
100 nm; The hole blocking layer 1220, deposited onto the substrate 1210 by

sputtering, may be TiO, and may have thickness of TiO, and may have
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thickness of 10-50 nm. The metal grid 1260 may be Al, Au, or any suitable

metal and may have thickness of 50-200 nm.

FIG. 13 illustrates an example hybrid organic-inorganic halide perovskite
thin film light emitting transistor 1300. A hybrid organic-inorganic halide
perovskite film layer fabricated by the methods described previously may be
incorporated into the example device structure illustrated in FIG. 13. The
light emitting transistor 1300 includes a gate 1310, a gate oxide layer 1320, a
channel and light-emitting layer 1340, a capping layer 1380, a source 1360,
and a drain 1370.

In one or more embodiments, the gate 1310 may be silicon and may have
thickness of 50-200 nm. The gate oxide layer 1320, deposited onto the gate
1310, may be silicon dioxide (Si0,) and may have thickness of 50-500 nm.
The channel and light-emitting layer 1340 may be a hybrid organic-inorganic
halide perovskite film, such as CH;NH;Pbl;_Cl, thin film as described herein
and may have thickness of 50-200 nm. The capping layer 1380 may be
Poly(methyl methacrylate) (PMMA) and may have thickness of 20-100 nm.
The source 1360 and the drain 1370 may be gold and may have thickness of
50-200 nm.

FIG. 14(a) illustrates an example hybrid organic-inorganic halide
perovskite light emitting device 1400. A hybrid organic-inorganic halide
perovskite film layer fabricated by the methods described previously may be
incorporated into the example device structure illustrated in FIG 14. The light
emitting device 1400 includes a substrate 1410, a p-type hole injecting layer
1450, a light emitting layer 1440, an n-type electron injecting layer 1430, a

hole-injecting material 1480 and a metal contact 1460.

In one or more embodiments, the substrate 1410 may be a transparent
conductive layer the transparent conductive oxide (TCO), such as tin-doped
indium oxide (TIO). The p-type hole injecting layer 1450 may be poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT). The light emitting
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layer 1440 may be a hybrid organic-inorganic halide perovskite film, such as
CH;NH;Pbl; Cl, thin film as described herein. The n-type electron injecting
layer 1430 may be zinc oxide (ZnO). The hole-injecting material 1480 may
be Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4'-(N-(4-sec-
butylphenyl)diphenylamine)] (TFB). The metal contact 1460 may be Al. The
open circles represent holes, and filled circles represent electrons. Such holes
and electrons recombine in the light emitting layer 1440 and light is emitted.
FIG. 14(b) illustrate another example hybrid organic-inorganic halide
perovskite light emitting device including three light emitting layers 1440.

Observed results

In one or more embodiments, the light-absorbing layer 1140 of the device
stack 1100 may be a CH;NH;Pbl;,Cl, thin film as described herein. The
light-absorbing layer 1140 may also be another suitable material, such as
CH;NH;Pbl;. The light-absorbing layer 1140 may be either a p-type or an n-
type semiconductor layer. In one or more embodiments, the device stack
1100 may include multiple light-absorbing layers. Although this disclosure
describes particular types of light-absorbing layers, the scope of the invention

should not be considered limited to these particular types.

FIG. 15 illustrates a power conversion efficiency (PCE) measurement of
hybrid organic-inorganic halide perovskite films. The absorption coefficient
achieved with the methods described previously was 14%, which is either
comparable with or, in most cases, exceeds what is possible with other

deposition and annealing methods.

The absorption efficiency may be influenced by the thermodynamic
process of sublimation, inter-diffusion and crystallization in the CSS system
200 in accordance with one or more embodiments. As the crystallization
occurs immediately after the organic source material and the metal halide are
brought together, the nucleation and growth kinetics are very fast. Therefore,

the sublimation and interdiffusion processes dominate in the fabrication
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process. FIG. 15 shows the PCE of the hybrid organic-inorganic halide
perovskite films fabricated at various source temperatures and substrate
temperatures. However, a pressure of the vacuum chamber of the system
during the fabrication process, a separation between the precursor layer and
the organic source-material layer may also affect the sublimation rate. The
best absorption coefficient was shown in a film that was processed at a source
temperature (i.e., temperature of the second heater for the organic source-
material layer 210) of 160 °C and a substrate temperature (i.e., temperature of
the first heater for the precursor layer 212) of 150 °C. If the source
temperature 1s too high (e.g., 170 °C), the sublimation rate is larger than the
interdiffsion rate. Accordingly, a large number of organic molecules form on
the surface, deteriorating the maximum power from open-circuit voltage Voc
and fill factor (FF). The same is true when the substrate temperature is too
low. In contrast, if the source temperature is too low, there is not enough
organic vapor. Accordingly, the crystallization is not fully completed,

resulting in a low cell short-circuit current Jsc.

As used herein, the term “open-circuit voltage” refers to the maximum

voltage available from a solar cell, and this occurs at zero current.

As used herein, the term “short-circuit current” refers to the current
through the solar cell when the voltage across the solar cell is zero, and this

occurs when the solar cell is short circuited.

As used herein, the term "fill factor (FF)” refers to a parameter defined as
the ratio of the maximum power from the solar cell to the product of Voc and

Jsc.

FIG. 16 illustrates a current-voltage (J-V) measurement of hybrid organic
perovskite films, fabricated at the source temperature of 160 °C and the
substrate temperature of 150 °C. The average efficiency achieved under
standard AM1.5G conditions for a planar structured and a mesoscopic

nanostructured cells were 11% and 14.6 %, respectively.
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[0098] As used herein, the air mass coefficient refers to the direct optical path
length through the Earth's atmosphere, expressed as a ratio relative to the path
length vertically upwards, i.e. at the zenith. The air mass coefficient is
commonly used to characterize the performance of solar cells under
standardized conditions, and is often referred to using the syntax "AM"
followed by a number. " AMI1.5" is almost universal when characterizing

terrestrial power-generating panels.

[0099] The low FF of the planar cell may be attributed to slow charge collection
kinetics at the interface between the c-TiO; layer 1130 and the light-absorbing
layer 1140 and large series resistance in the light-absorbing layer 1140. The
large resistance may be observed from the gentle slope of the J-V curve at the
open-circuit voltage V, suggesting the presence of resistance-related
components in the light-absorbing layer. 1140. The best cell (with ¢-TiO,)
shows J. of 20.6 mA/cm,, V. of 1 V and FF of 0.745, with an absorption
efficiency of 15.4%.

[00100] FIG. 17 illustrates an external quantum efficiency (EQE) and the cell
short-circuit current J,. obtained by integrating the external quantum
efficiency the EQE. FIG. 17 shows J;. of 19.9 mA/cmz, which is in good

agreement with J;. shown in FIG. 16.

[00101] FIGs. 18(a),18(b), and 18(c) illustrate uniformity of solar cell devices of
area size 0.1 cmz, 04 cmz, and lcmz, respectively, on a substrate grid of size 3
cm x 3 cm. FIGs. 18(a), 18(b), and 18(c) show only negligible deviations of
+ 10% in the power conversion efficiency (PCE) over the 3cm x 3cm
substrate grid. Such uniformity may suggest the potential of the methods

using the CSS system 200 described previously for large-area fabrication.

[00102] FIG. 19 illustrates a batch-to-batch variation of a power conversion
efficiency (PCE) of a hybrid organic-inorganic halide perovskite film. The
PCE is still 90% of the PCE for the first batch after 15 batches (i.e. 15 usages

of the organic material source). The decrease in the PCE mainly arises as a
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result of exposure of the organic source materials to the air (humidity >65%)
when the organic source materials are removed from the chamber of the CSS
system 200 after every batch. This decrease may be effectively avoided by
using a closed system without the exposure of the organic source materials in
the air with high humidity. Since the cost of such organic source materials
may be a determining factor for a practical large-scale fabrication, repeatable
use of the organic source materials may increase the potential of the methods

using the CSS system 200 described previously for large-area fabrication.

[00103] It is to be understood that the present invention is not limited to the
embodiment and the example described above and illustrated herein, but
encompasses any and all variations falling within the scope of the appended
claims. For example, as is apparent {from the claims and specification, not all
method steps need be performed in the exact order illustrated or claimed, but
rather in any order that allows the proper formation of the solar cells of the

present invention.

[00104] While the invention has been described with respect to a limited number
of embodiments, those skilled in the art, having benefit of this disclosure, will
appreciate that other embodiments can be devised without departing from the
scope of the invention as disclosed herein. Accordingly, the scope of the

invention should be limited only by the attached claims.
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CLAIMS

What is claimed is:

1. A method of fabricating a hybrid organic-inorganic halide perovskite film,
comprising:
depositing a precursor layer onto a substrate, the precursor layer comprising
metal halide;
placing an organic source-material layer onto a boat, the organic source-
material layer comprising an organic cation; and
annealing the precursor layer and the organic source-material layer in a vacuum

chamber enclosed in a constrained volume.

2. The method of claim 1, wherein the boat comprises aluminum, tungsten, graphite,
or stainless steel, and the substrate comprises soda-line glass, flexible plastic

substrates, or stainless steel.

3. The method of claim 1, wherein the metal halide comprises a divalent metal cation,
selected from Cu2", Ni2*, Co2", Fe2", Mn2", Cr2*, Pd2", Cd2", Ge2", Sn2", Pb2",
Eu2®, and Yb2", and a halide anion, selected from 1-, Br-, I-, NCS-, CN-, and
NCO-.

4. The method of claim 1, wherein the organic caution is a monovalent or divalent
organic cation, selected from CH;NH;", CH;CH,NH;", N(CH3),", formamidinium
NH2CHNH2+), and C(NH2)3+.

5. The method of claim 1, wherein during the step of annealing,
the temperature of the first heater is between 100 and 200 °C,
the temperature of the second heater is between 100-200 °C,
the time duration of the annealing 1s between 2 and10 minutes, and

the pressure is 0.1 -700 Torr.
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6. The method of claim 1, wherein each of the first heater and the second heaters is
connected to a proportional-integral-derivative (PID) temperature controller with

K-type thermocouple.

7. The method of claim 1, wherein the boat and the substrate are separated by a

distance between 0.5 and 10mm.

8. The method of claim 1, wherein the fabricated hybrid organic-inorganic halide

perovskite film is in a three-dimensional crystal structure.

9. The method of claim 1, wherein the fabricated hybrid organic-inorganic halide

perovskite film is in a two-dimensional layered crystal structure.

10. A hybrid organic-inorganic halide perovskite solar cell device comprising:
a substrate;
a hole blocking layer;
a n-type semiconductor layer;
the hybrid organic-inorganic halide perovskite film fabricated according to the
method of claim 1 as a light-absorbing layer;
a p-type semiconductor layer; and

a metal grid.

11. A hybrid organic-inorganic halide perovskite photodetector comprising:
a substrate;
a transparent conductive oxide (TCO) layer;
a p-type semiconductor layer;
the hybrid organic-inorganic halide perovskite film fabricated according to the
method of claim 1 as a light absorbing layer;
a n-type semiconductor layer;
a hole blocking layer; and

a metal contact.
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12. A hybrid organic-inorganic halide perovskite thin film light emitting transistor
comprising:
a gate;
a gate oxide layer;
the hybrid organic-inorganic halide perovskite film fabricated according to the
method of claim 1 as a channel and light-emitting layer;
a capping layer;
a source; and

a drain.

13. A hybrid organic-inorganic halide perovskite thin film light emitting device
comprising:
a substrate;
a p-type hole injecting layer;
the hybrid organic-inorganic halide perovskite film fabricated according to the
method of claim 1 as a light emitting layer;
an n-type electron injecting layer;
a hole-injecting material; and

a metal contact.
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2D perovskite A2MXa
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3D perovskite AMXs

F1G.1(a)




PCT/US2016/047323

WO 2017/031193

2/20

¢OId

20¢ 491eaH 1514

90¢ 1eog

0T Z 49AeT |el1a1e|A-924Nn0S d1ueslQ

217 19Ae7 J0sindaud

80¢ 91e415qNns

07 191B3H pu0IaS

00¢




PCT/US2016/047323

WO 2017/031193

3/20

¢ DI

Ov€ d31S
J9Y30 yoea yym Aywixoud ul
0T Z 49Ae| |elud1ew-924n0s d1uedio pue g1z 49Ae| Josindaud |eauuy

a

0€€ d31S
00z WaisAs S Jo Jaquieyd
WNNJ2eA 03Ul 07 1e0q UO 0T Z J9AB| |B1I918W-324N0S J1UBSIO 1495U|

I

0c¢gE d31S
007 Wa1sAs §SD JO JaqUIBYD WNNJBA 03Ul 07 91BJISgNS 13SU|

a

OT€ d31S
80¢ 21eJ41sqns 01uo ZTz 49Ae| Josindaud jsodaq

00¢€




WO 2017/031193 PCT/US2016/047323
4/20

CHaNH3Pbls.Cly

PbCly

SUBSTITUTE SHEET (RULE 26)



PCT/US2016/047323
5/20

WO 2017/031193

¢DIA

(wuyBusianepp
0608 006L 009

00§ 00y 0O0C

$
/
m
4
7
%
/
£
i

24

7
/
Vi

i \\a\\\\\\\\\\\ \
%, Wyl
L
- .
(P) “104d

AP bttt
Ay,
\\\\\\\\\s\\\\\ s
A 1, o
st A




PCT/US2016/047323

WO 2017/031193

6/20

401 06-880

10 §°¢-880

0L G'Z-580

Wg'gL M W3Ss=300W (031=¥0103130
1SNMH il 000°6LX;

wwgoL M W3S Q31 MOS 00001X
1SMIUH wny

WWg'e QM W3S 431 MOS  0000LX
1S0I%H wit}

J

P i

X[OX-LIAdEHNEHD

XIOX-EIAEHNEHD

EI0dEHNEHD

SUBSTITUTE SHEET (RULE 26)



WO 2017/031193 PCT/US2016/047323
7/20

TR
o I..Llu‘ Ll
g = ZW O <>
- = & = e e S S
> } = —d e Y (3 OO
e < - =T oa L
ot ey > == =@y o <L =L
i &N < (‘5<::<t§<r—-(_9(:3
CEISDHETE=E
[ Y I X da R =N e RE NN

10.0

50

2.5

SUBSTITUTE SHEET (RULE 26)



PCT/US2016/047323
8/20

WO 2017/031193

3 DId

()02
g9 05  OoF 0%

oL oL Y | ﬂ

(147 CF “OndH ET@WU.@

22 (@) { :

(oL | £

Vo

_ Qﬁﬁg}_ﬁa {EATE @mmu

(0
(0i£)

G, Bl P oy,
P PP

AR \\\\\\ \\\\\\\\\\\.\\\\\\ \\\\ \\\\\\\\\\

\‘

\“\\
LA O 3&55 g 33\,

\\\
\\‘\'\\\\
»\\\\\\\\\\\\\\\\\\\
——
\\\\\\\\\\\

\\\\\\\\\\\\\‘QQ\\\\
|

(o)




PCT/US2016/047323
9/20

WO 2017/031193

6 DId

(wuyybusisaepn
006 008 001 009 00S 00y

2
01X0°L §

-
s

(q)
\ y
40qd/ UG Z)SS0 s
w

mO 1XG'1

J o1x0'Z



WO 2017/031193 PCT/US2016/047323
10/20

| g ? : . ¥ & % ® g i 8 §
o
- L
L
o
= I
(e}
S =
18 &
o
1 | .‘Ek o
g 5
P O (2
- e
B
o
Y
- S
| \\\\\\\\\\\\M\ 1%




PCT/US2016/047323

WO 2017/031193

11/20

NN AN / RS N // ,// / N /

awaw vl \ \ -y

\\

SUBSTITUTE SHEET (RULE 26)



WO 2017/031193

b~ 1260

12/20
< < = )
5 S =3 el
&3 «3 4 &3
= — — =

/|

/!
,f/

;
HOLE BLOCKING LAYER

PCT/US2016/047323

121011270

iy
Jh{u 5
o

s

N

-TYPE LAYER
N\,

%

457

i
TERE

o
O

3

N

2300
RS
o

4

R

LR
Feraiy
Soras

s
IR,

GLASS/TCO

SUBSTITUTE SHEET (RULE 26)



WO 2017/031193

1380

13§D

1310

PCT/US2016/047323

Trigaty S
oot
T

——

GATE (S

SUBSTITUTE SHEET (RULE 26)



PCT/US2016/047323

14/20

EXAdvIN

087l

WO 2017/031193

SUBSTITUTE SHEET (RULE 26)




WO 2017/031193 PCT/US2016/047323
15/20

=
s
o
&)
=
o
>
£2
(ol
Z
==
o
<
=t
~—
o
=
‘q-\/.‘
—
A R L Y
L e T e N <« N ==

SUBSTITUTE SHEET (RULE 26)



PCT/US2016/047323

WO 2017/031193

16/20

SI'DIA

{7y sameiadiua) ajensans
085054 0pL 0L B8L0SL 0¥ DEL
091 054 0¥l 01 0

&
W

011 091 051
{ 0 eimeledws] 851N0g



WO 2017/031193 PCT/US2016/047323
17/20

O
QO
0 ~
O S m
N, JF o
IR
< I
S
— © T
ot L O el
) o =
(b B @)
.‘Q | o
5 <~ 7
— o
Q.
O
P
o
e S
)
=
Te! o T’ o Te] o
N e - -

(.o ywjosp



WO 2017/031193

(,.wa vm):lué.zmg pajeibisiu|

PCT/US2016/047323

18/20

o ] i o
¥ - N 1 I
g i ‘ * . PRI | . i

= ;
[ )
| . \\\\\\-a
S :
. ’ NN\ =
[ - \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ ‘
L@ - i \\\\\\\\\\\\\\\\ ‘
B \%\\\\\\\
LN
B
$§§ ot
L a
& ' ‘
N - z
) £
N . C
N .. 5
§ ; L
| B oF v T
\ : e D
: <
X .
\ 3
\ .
\ . g
| \\\ | ; "
X .b -
A 2
\ |
A\ \ ‘
[ ] <
-Q
==

7

\\\ < BRSNS N
X N S
\\\ \“\“\

W % N .
\‘\§ RS \\\\\\\\\\\\\\\
R U\ ‘ '
N ¥ N N N N N ¥
Ry NNy QX S S X “ >
\Q{\* Q\\\} Q\\:§ S {\\\3 Qt\\\\‘
e N o . §
\\\\}‘ \\\\§ \l\s Q\\? {‘ '\s
%\\\\
%330d|
( Q

F1G.17



WO 2017/031193 PCT/US2016/047323

Lt}

N.-
=
<
= il =2
S EE_ =
o - o3
o &
[
v/ ! R -—
™ ANCILISO -
D O O T OO OO e e
T ON Y =MD P o
FIIIISIIISE
o
=
L4
s ><
hid =
= < fes)
< ‘FTI\;I f
o i f—
- 3
—3 [l
it
>
ANCILISOd
5 OO P €6 LD O O -
P S~ O ) O
o3 o = < < =F M S
<t
L)
<t )
e =
= o
— 5
L
) —

ANOLLISOd

SUBSTITUTE SHEET (RULE 26)



WO 2017/031193 PCT/US2016/047323
20/20

15

10

f.Bat‘ch‘
F1G.19

i
o =

. y » . - S
L)

- 30Dd paziewioN




INTERNATIONAL SEARCH REPORT International application No.

PCT/US16/47323

A. CLASSIFICATION OF SUBIECT MATTER
IPC(8) - C23 16/44; HO1L 31/04, 31/18, §1/42 (2016.01)

CPC - BO5D 1/60, C23C 14/06; HO1L 31/022466, 31/036
According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

IPC(8) - C23C 16/44; HO1L 31/04, 31/072, 31/18, 51/00, 51/42 (2016.01)
CPC - BO5D 1/60; C23C 14/06; HO1L 31/022466, 31/036, 51/008; YO2E 10/549; YO2P 70/521; USPC - 257/49, 461, 749

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
PatSeer (US, EP, WO, JP, DE, GB, CN, FR, KR, ES, AU, IN, CA, INPADOC Data); Google Scholar; EBSCO; IP.com; film,

organic-inorganic, metal halide, cation, substrate, anneal, heat treat, vacuum, sublimate, vacuum evaporate, boat, dish, crucible, torr,
mbar, bar, temperature, light-amittting transistor, source, drain, capping layer, drain, perovskite, gate, oxide, photo detector, TCO

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X WO 2014/045021 A1 (1SIS INNOVATION LIMITED) March 27, 2014; page 8, 3rd paragraph; 10-11, 13
page 9, 1st paragraph; page 11, 2nd-3rd paragraphs; page 14, 3rd paragraph; page 37, 4th
paragraph; page 50, 3rd paragraph; page 73, 4th-6th paragraphs; page 80, 2nd paragraph;
page 98, 2nd paragraph; claim 1

Y WO 2015/116297 A2 (THE REGENTS OF THE UNIVERSITY OF CALIFORNIA) August 06, 1-9
2015; abstract; paragraphs [0021], [0045), [0047]-[0048], [0051), [0057), [0060], [0075)

Y US 4,734,381 A (MITCHELL, KW) March 28, 1988; figure 2; column 3 lines 35-37, 44-46, 49-60; |1-9
column 4, lines 1-2

Y =|(CHIN, XY et al.) Lead iodide perovskite light-emitting field-effect transistor. Nature 12
Communications. June 2015; abstract; page 2, column 2, 2nd paragraph; page 3, column 1, 1st
paragraph; page 5, column 1, 2nd paragraph; figure 1d

Y US 2015/0037955 A1 (SAMSUNG ELECTRONICS CO., LTD.) February 05, 2015; paragraph 12
[0140]

Y US 2012/0040516 A1 (XIA, S) February 16, 2012; paragraph [0036} 2

Y _|CN 103956325 A (UNIVERSITY OF QINGDAO) July 30, 2014; abstract; claims 1-2 5

Y ~|(O'BRIEN, S, et al.) Zinc oxide thin fims: Characterization and potentia) applications. Thin Solid |6
Films. 2010; page 4516, 2nd paragraph

A WO 2015/036905 A1 (ECOLE POLYTECHNIQUE FEDERALE DE LAUSANNE) March 19, 1-13
2015; entire document

D Further documents are listed in the continuation of Box C.

D See patent.family annex.

* Special categories of cited documents:

the priority date claimed

“T” Jater document published after the international filing date or priority

“A” document defining the general state of the art which is not considered date and not in conflict with the apﬁlic.ation but cited to understand
to be of particular relevance the principle or theory underlying the invention
“E” earlier application or patent but published on or after the international “X” document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
“L”  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
;“eeg-atf rg:tsaolﬂl(sglst? eeg?f?éhcf tion date of another citation or other “Y” document of particular relevance; the claimed invention cannot be
P ; 4 . . considered to involve an inventive step when the document is
“0” document referring to an oral disclosure, use, exhibition or other combined with one or more other such documeats, such combination
mieans being obvious to a person skilled in the art
“P”  document published prior to the international filing date but later than «g»  4ocument member of the same patent family

Date of the actual completion of the international search

27 September 2016 (27.09.2016)

Date of mailing of the international search report

02 NOV 2016

Name and mailing address of the ISA/US
Mail Stop PCT, Attn: ISA/US, Commissioner for Patents

Authorized officer
Shane Thomas

P.O. Box 1450, Alexandria, Virginia 22313-1450
Facsimile No. 571-273-8300

PCT Helpdesk: 571-272-4300
PCT OSP: §71.272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




