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Description

Title of Invention: SYSTEM AND METHOD BASED ON MULTI-
SOURCE DEPOSITION FOR FABRICATING PEROVSKITE

[0001]

[0002]

[0003]

[0004]

FILM
Technical Field

The present invention relates to a system and method based on multi-source de-

position for fabricating perovskite films.

Background Art

A solar cell (also called a photovoltaic cell) is an electrical device that converts solar
energy directly into electricity by using semiconductors that exhibit the photovoltaic
effect. Solar photovoltaics is now, after hydro and wind power, the third most
important renewable energy source in terms of globally installed capacity. Con-
structions of these solar cells are based around the concept of a p-n junction, wherein
photons from the solar radiation are converted into electron-hole pairs. Examples of
semiconductors used for commercial solar cells include monocrystalline silicon, poly-
crystalline silicon, amorphous silicon, cadmium telluride, and copper indium gallium
diselenide. Solar cell energy conversion efficiencies for commercially available cells
are currently reported to be around 14-22%.

High conversion efficiency, long-term stability and low-cost fabrication are essential
for commercialization of solar cells. For this reason, a wide variety of materials have
been researched for the purpose of replacing conventional semiconductors in solar
cells. For example, the solar cell technology using organic semiconductors is relatively
new, wherein these cells may be processed from liquid solution, potentially leading to
inexpensive, large scale production. Besides organic materials, organometal halide per-
ovskites, for example, CH;NH;PbX;, where X= Cl, Br, I, or a combination thereof,
have recently emerged as a promising material for the next generation of high ef-
ficiency, low cost solar technology. It has been reported that these synthetic per-
ovskites exhibit high charge carrier mobility and lifetime that allow light-generated
electrons and holes to move far enough to be extracted as current, instead of losing
their energy as heat within the cell. These synthetic perovskites can be fabricated by
using the same thin-film manufacturing techniques as those used for organic solar
cells, such as solution processing, vacuum evaporation techniques, etc.

Recent reports have indicated that this class of materials, i.e., organometal halide per-
ovskites, have potential for high-performance semiconducting media in optoelectronic
devices as well. In particular, some perovskites are known to exhibit strong photolumi-

nescence properties, making them attractive candidates for use in light-emitting diodes



WO 2016/021112 PCT/JP2015/003450

[0005]

[0006]

[0007]

(LEDs). Additionally, it has been reported that the perovskites also exhibit coherent
light emission properties, hence optical amplification properties, suitable for use in

electrically driven lasers.
However, to date, it has been difficult to obtain highly uniform perovskite films with

good stoichiometry based on the existing fabrication techniques. Furthermore, these
existing techniques are not robust enough for fabricating perovskite films for bandgap
engineering, multi-junction or Tandem cell fabrication, doping control, heterostructure
construction, and other advanced solar cell and optoelectronics applications. In view of
ever increasing needs for low cost fabrication techniques of high-performance devices,
a new fabrication technique is desired for producing highly uniform perovskite films

suitable for solar cell and optoelectronics applications including LEDs and lasers.
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Summary
A system and method for fabricating a perovskite film is provided, the system

including a substrate stage configured to rotate around its central axis at a rotation
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speed, a first set of evaporation units, each coupled to the side section or the bottom
section of the chamber, a second set of evaporation units coupled to the bottom section,
and a shield defining two or more zones having respective horizontal cross-sectional
areas, which are open and facing the substrate, designated for the two or more
evaporation units in the second set. The resultant perovskite film includes multiple unit
layers, wherein each unit layer is formed by one rotation of the substrate stage, and the
composition and thickness of the unit layer are controlled by adjusting at least the
evaporation rates, the rotation speed and the horizontal cross-sectional areas.

Brief Description of Drawings

[fig. 1]FIG. 1 illustrates a unit cell of an organometal halide perovskite structure. (See
NPL4)

[fig.2]FIG. 2 illustrates an example of the system configuration for fabricating a
perovskite film according to an embodiment.

[fig.3]FIGS. 3A and 3B illustrate examples of the evaporation unit in the first set
coupled to the side section of the chamber.

[fig.4]FIGS. 4A-4C illustrate an example of the evaporation unit in the second set
coupled to the bottom section of the chamber.

[fig.5]FIG. 5 illustrates another example of the system configuration for fabricating a
perovskite film according to an embodiment

[fig.6]FIG. 6 is a flowchart illustrating an example of the fabrication process of a
perovskite film using the present system.

[fig.7]FIG. 7 is a flowchart illustrating an example of a modified process to include the
growth of the wetting layer prior to the perovskite film growth using the present
system.

[fig.8]FIG. 8 is a flowchart illustrating an example of the fabrication process of a
perovskite heterostructure using the present system.

[fig.9]FIG. 9 is a plot of the J-V curve representing the photovoltaic device charac-
terization of a solar cell including the chloride iodide perovskite film, CH;NH;Pbl; xCI
x film, grown by the present fabrication system and method.

[fig.10]FIG. 10 is a plot of the measured absorbance of the CH;NH;Pbl; xClx film.

[fig. 11]FIGS. 11A and 11B are photos showing the atomic force microscopy (AFM)
images of the CH;NH;Pbl; xCly film.

[fig.12]FIG. 12 is a plot showing the X-ray diffraction (XRD) spectrum of the CH;NH;
Pbl; «Cly film.

[fig.13]FIGS. 13A and 13B are photos showing the AFM images of the structure of Si/
100nm perovskite/50nm spiro-MeOTAD, and the AFM image of the structure of Si/
10nm PbCl,/100nm perovskite/50nm spiro-MeOTAD, respectively.
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Description of Embodiments

In view of ever increasing needs for low cost fabrication techniques of high-
performance devices, this document describes a new fabrication system and method for
producing highly crystalline, substantially uniform perovskite films for a wide variety
of applications, such as bandgap engineering, multi-junction or Tandem cell fab-
rication, doping control, heterostructure construction, and so on, especially suitable for
solar cell and optoelectronics applications including LEDs and lasers. The present fab-
rication method may be regarded as a multi-source molecular-layer deposition,
wherein multiple evaporators containing source materials are configured in a chamber,
and multiple growth parameters are used to control the deposition to fabricate a
perovskite film with a desired profile suitable for target applications. Here, the source
materials include halide materials such as PbCl,, PbBr,, Pbl,, SnCl,, SnBr,, Snl, and
the like, and methylammonium (MA=CH;NH;*) compounds such as CH;NH;Cl, CH;
NH;Br, CH;NH;], and the like. In place of, or in a combination with the MA
compound, a formamidinium (FA= HC(NH,),*) compound can also be used. FIG. 1 il-
lustrates a unit cell of an organometal halide perovskite structure suitable for use for a
light absorber. (See NPL4.) This is the orthorhombic structure having the general ABX
3 structure, in which an organic element, MA or FA, occupy each site A; a metal
element, Pb>* or Sn**, occupy each site B; and a halogen element, Cl-, I or Br, occupy
each site X. In this document, AX represents a compound having an organic element
MA or FA for the A-cation combined with a halogen element CI, I or Br for the X-
anion; BX, represents a halide material having a metal element Pb or Sn for the B-
cation combined with a halogen element Cl, I or Br for the X-anion. Examples and im-
plementations according to the present system and method are described below with
reference to accompanying drawings.

FIG. 2 illustrates an example of the system configuration for fabricating a perovskite
film according to an embodiment. The system includes a chamber 200 coupled to
necessary parts. The chamber 200 in this example has a shape of substantially a hollow
cube; however, the shape can be of substantially a hollow cylinder or any other closed
hollow structure having a side section along the vertical direction and top and bottom
sections along the horizontal direction. Each section has an internal surface and an
external surface. In FIG. 2, only the internal surfaces of the chamber 200 are il-
lustrated. The chamber 200 is coupled to a pump unit 204 for generating near vacuum
in the chamber 200 for the deposition process. Examples of the pump unit 204 include
a turbo molecular pump. The pump unit 204 in FIG. 2 is coupled to the side section of
the chamber 200 so as to have the pumping direction substantially along the horizontal

direction along a substrate stage 208. As explained later, this configuration allows for
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the flow of the AX vapor to circulate in the chamber 200 effectively so as to facilitate
the chemical-reaction type of deposition on a substrate. The substrate stage 208 is
coupled to the top section of the chamber 200 and configured to have a large stage
surface facing downward for a substrate to be staged facing downward. The area of the
stage surface is configured to accommodate a large-size substrate or multiple
substrates. In this document, a term “substrate” is collectively used for one large-size
substrate as well as for multiple separate substrates that are placed on the substrate
stage 208. Examples of substrate materials include: fluorine-dope tin oxide (FTO)
glass with electron collection layer (ECL) such as TiO, compact layer or ZnO thin
film; indium tin oxide (ITO) glass with hole collection layer (HCL) such as
PEDOT:PSS and NiO, where PEDOT:PSS stands for
poly(3.4-ethylenedioxythiophene) polystyrene sulfonate; flexible substrate, such as
polyethylene terephthalate, with either ECL or HCL. As explained later, a thin wetting
layer can be added to any of the above substrate for enhancing the quality of a sub-
sequently deposited perovskite film. The temperature of the substrate stage 208 can be
controlled to provide uniform cooling or heating to the one or more substrates, ranging
from -10°C up to 350°C, for example. The substrate stage 208 is coupled to a motor
212, which drives to rotate the substrate stage 208 around the central axis during de-
position. The rotation speed of the substrate stage 208 in the unit of Hz, for example,
together with other parameters, can be predetermined based on desired deposition rates
and film composition.

In FIG. 2, a first evaporation unit 216 is coupled to the side section of the chamber
200, and is configured for generating the AX vapor in the chamber 200. The first
evaporation unit 216 may be configured to include a crucible to contain the AX
compound in the form of powder, which can be heated to generate the AX vapor. In
the example illustrated in FIG. 2, only one evaporation unit coupled to the side section
of the chamber 200 for generating the AX vapor is shown. However, one or more
evaporation units may be coupled to the side section of the chamber 200 for generating
one or more types of vapors, respectively. Thus, the present system includes a first set
of evaporation units comprising one or more evaporation units, each coupled to the
side section of the chamber 200, wherein at least one evaporation unit in the first set is
configured to generate the AX vapor. As explained later, another evaporation unit in
the first set may be used to generate vapor of a material different from the AX
material, such as a volatile dopant material. For example, one evaporation unit in the
first set may generate the MACI vapor, and another evaporation unit in the first set
may generate the FABr vapor. In another example, one evaporation unit in the first set
may generate the MAI vapor, and another evaporation unit in the first set may generate

the vapor of a volatile dopant material. Yet in another example, the first set may have
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only one evaporation unit for generating the FAI vapor.

In FIG. 2, a second evaporation unit 220 is coupled to the bottom section of the
chamber 200, and is configured for generating the BX, vapor in the chamber 200. The
second evaporation unit 220 may be configured to include a crucible to contain the BX
» compound in the form of powder, which can be heated to generate the BX, vapor. In
the example illustrated in FIG. 2, four evaporation units coupled to the bottom section
of the chamber 200 are shown. For the purpose of fabricating multi-profile films such
as a heterostructure or a multi-junction structure, the present system may be configured
to have a second set of evaporation units comprising two or more evaporation units
coupled to the bottom section of the chamber 200, wherein at least one evaporation
unit in the second set is configured to generate the BX, vapor. As explained later,
another evaporation unit in the second set may be used to generate vapor of a material
different from the BX, material, such as a non-volatile dopant material. For example,
one evaporation unit in the second set may contain PbCl,, and anotherevaporation unit
may contain Snl,. In another example, one evaporation unit may contain PbBr,, and
another evaporation unit may contain a non-volatile dopant material.

A shield 224 is structured to separate the two or more evaporation units in the second
set coupled to the bottom section of the chamber 200, defining individual zones corre-
sponding to these evaporation units. In the example of FIG. 2, where four evaporation
units in the second set are provided, the shield 224 includes four rectangular plates
defining four zones for the four evaporation units, respectively. The shield 224 reduces
thermal interference between different types of vapors, enabling independent
evaporation control of different compounds in the respective evaporation units. The
plate structure of the shield 224 is configured to be vertically upright to define the in-
dividual zones with a predetermined height in the chamber 200 for giving rise to in-
dependent deposition behaviors. The zone designated for each of the evaporation units
in the second set is configured to have a horizontal cross-sectional area that is open and
facing the substrate surface. The horizontal cross-sectional areas of the separate zones,
together with the rotation speed of the substrate stage 208, can be predetermined based
on desired deposition rates and growth composition. The horizontal cross-sectional
areas can be easily adjusted by repositioning the shield 224. Instead of a plate
structure, a chimney-like structure having a shape such as a cylinder, a funnel, etc. may
be configured to shield each evaporation unit from the others in the second set by des-
ignating a corresponding zone.

A shutter 228 is provided below the substrate stage 208, and is attached with a rod
232, which is used to move the shutter 228 to expose or cover the substrate stage 208.
A push-pull linear motion device, for example, may be coupled to the rod 232 to

provide longitudinal motion of the shutter 228 along the axis of the rod 232. Alter-
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natively, the shutter 228, the rod 232 and their peripheral parts may be configured to
control the exposing and covering of the substrate stage 208 based on rotational motion
around a vertical axis, or any other suitable motion. The shutter 228 can be used to
start or interrupt the deposition of the vapors onto the substrate from the evaporation
units in the second set coupled to the bottom section of the chamber 200. A second
shutter, which is for use as an evaporation shutter 236, may be provided for the
evaporation unit 220 in the second set. In the example illustrated in FIG. 2, each of the
four evaporation units 220 coupled to the bottom section of the chamber 200 has a cor-
responding evaporation shutter 236 above it. In the present system, two or more
evaporation shutters such as 236 may be provided corresponding to two or more
evaporation units in the second set, respectively. Adjustment of the evaporation shutter
236 is controlled by using a rod attached to the shutter 236 via longitudinal, rotational
or any other suitable motion by using the rod. Each evaporation shutter 236 can be
used for quick switching on/off of the vapor coming from the evaporation unit 220 into
active deposition.

A first monitor 240 is provided near the opening of the evaporation unit 216 in the
first set coupled to the side section of the chamber 200 to monitor the evaporation rate
of the AX compound, for example. A sensing part of the first monitor 240 may be
configured to face upward so as to monitor the AX vapor in the chamber rather than
the AX vapor flux just coming out of the evaporation unit 216 in the first set. A second
monitor 244 is provided above the evaporation unit 220 in the second set coupled to
the bottom section of the chamber 200 and below the corresponding shutter 236, to
monitor the evaporation rate of the BX, compound, for example. The second monitor
244 may be placed off the center of the evaporation unit 220 so as not to block the
evaporated vapor during deposition. Each of the one or more evaporation units 216 in
the first set coupled to the side section of the chamber 200 as well as each of the two or
more evaporation units 220 in the second set coupled to the bottom section of the
chamber 200 can be provided with a monitor to individually monitor the evaporation
rates of the source materials. Examples of these monitors include a quartz crystal
thickness monitor. The deposition rate and the film thickness in situ can be estimated
based on the monitored evaporation rate using the tooling factor calculation, for
example. In this calculation, the ratio between the measured film thickness and the
indicated film thickness (as indicated by the monitored evaporation rate) is obtained
during a trial run; thereafter, the ratio can be used to obtain the in situ film thickness by
factoring in the evaporation rate during deposition as observed by the monitor.

Under certain conditions, the vapor of a volatile material such as AX becomes ki-
netically over-active and too much vapor may flow into the pump 204, degrading the

internal surface of the pump 204, thereby decreasing the lifetime and/or increasing
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repair or maintenance cost. To circumvent this problem, a filter 250 is detachably
attached at the opening of the pump 204 to the chamber 200. The filter may be made of
a fine fabric mesh held by two concentric ring-shaped frames, as illustrated in FIG. 2.
The entire filter 250 or the fabric mesh can be replaced as needed.

FIGS. 3A and 3B illustrate examples of the evaporation unit 216 in FIG. 2. Each
example is illustrated as a configuration with respect to the internal side surface of the
chamber 200. FIG. 3A illustrates a cell evaporator, such as a conventional Knudsen
cell evaporator, having a cell 304 accommodating a crucible 308, in which the powder
of the source material 312 can be contained. A heating element 316 is provided to heat
the crucible 308, hence the powder 312, to generate its vapor. The temperature of the
heating element 316 is controlled to adjust the evaporation rate of the source material.
This cell evaporator may include also an evaporation shutter 320 to control the vapor
flux. The cell evaporator of FIG. 3A is provided at an angle with respect to the internal
side surface of the chamber 200, wherein the angle can be predetermined so that the
vapor is outputted efficiently. The evaporation shutter 320 is provided to control the
flux into the chamber 200 to avoid the strong flux of the vapor hitting directly the
substrate mounted on the substrate stage 208. It is thus preferable that the evaporation
shutter 320 is adjusted to be at a position, which allows for the vapor to output from
the evaporator efficiently and yet prevents the vapor from directly hitting the substrate
during deposition, for enhancing uniformity of the resultant film. FIG. 3B illustrates
another example of the evaporation unit 216 in the FIG. 2, which includes an ampule
324 to contain the powder of the source material 328, and a heating element 332
provided to heat the ampule 324, hence the powder 328, to generate its vapor. The tem-
perature of the heating element 332 is controlled to adjust the evaporation rate of the
source material. The evaporation unit illustrated in FIG. 3B further includes a duct 336
to guide the vapor flux into the chamber 200, and is positioned at an angle with respect
to the internal side surface of the chamber 200, wherein the angle can be prede-
termined so that the vapor is outputted efficiently. Alternatively, the duct 336 may be
configured to have an extending section to output the vapor in a desired direction in the
chamber 200. The duct 336 is coupled to an evaporation shutter 340 to open or close
the duct 336 for controlling the vapor flow in a simple but timely manner. The shutter
340 is in the form of a valve in the present example. In the case where the evaporation
unit of FIG. 3B is used for generating vapor of a dopant material, the dopant material is
contained in the ampule 324, and the evaporation shutter 340 such as a valve can be
used to control the doping profile in the resultant film. Referring back to FIG. 2, the
pump unit 204 is coupled to the side section of the chamber 200 so as to have the
pumping direction substantially along the horizontal direction. The present system con-

figuration having both the pump unit 204 and the evaporation unit 216 coupled to the
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side section allows for the vapor flow of the source material, such as AX, to circulate
in the chamber 200 effectively, thereby facilitating the chemical-reaction type of de-
position on the substrate.

FIGS. 4A-4C illustrate an example of the evaporation unit 220 in FIG. 2. FIG. 4A il-
lustrates a cross-sectional side view, wherein the evaporation unit 220 includes a
crucible 404 to contain the powder of the source material 408, such as BX,, and a
heating element 412 to heat the crucible 404, hence the powder 408, to generate its
vapor. Two end terminals of the heating element 412 are held by two electric
feedthroughs 416, respectively, to communicate with the outside of the chamber 200,
whereby the heating element 412 can be controlled externally. FIG. 4B illustrates a
perspective view of the crucible 404, which has a dish shape in this example, with the
diameter D as large as possible within the dedicated zone in the chamber 200. The
horizontal cross-sectional shape of the crucible 404 can be a square, a rectangle, an
oval, a hexagon or any other shape. FIG. 4C illustrates a perspective view of the
heating element 412, which is a spiral-shaped tungsten filament and tightly surrounds
the dish-shaped crucible 404, in this example. The heating element 412 can be formed
in a mesh shape, a meander shape, a zig-zag shape or any other shape, as long as it is
configured to heat the crucible 404 uniformly to control the evaporation rate of the
source material effectively. In the present example, the diameter of the spiral is
configured to be approximately the same as the diameter D of the dish-shaped crucible
404 of FIG. 4B.

Physical vapor deposition is an example of fabrication technique used in semi-
conductors, microelectronics and optical industries. The source material is typically
heated and vaporized until its vapor pressure is high enough to produce a flux. The de-
position onto the substrate involves purely physical process such as high-temperature
vacuum evaporation with subsequent condensation or plasma sputter bombardment.
Thus, line-of-sight transfer is typical for most of physical vapor deposition techniques,
in which the direction of the vapor flux of the source material is directed toward the
substrate. Since particles tend to follow a straight path, films deposited by physical
vapor deposition are generally directional, rather than conformal. In contrast, in
chemical vapor deposition, chemical reaction takes place on the substrate surface to
produce the conformal uniform morphology.

In view of the conventional chemical and physical vapor deposition techniques, the
fabrication technique based on the present system and method may be regarded as a
hybrid of both techniques. Supposing the present system in FIG. 2 is configured to
have one AX source in the evaporation unit 216 coupled to the side section of the
chamber 200 and one BX, source in the evaporation unit 220 coupled to the bottom

section, the deposition mechanism can be qualitatively described as follows: (1) the AX
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vapor is circulated to fill the chamber 200, which is enabled by adjusting the
evaporation rate of the AX compound via the temperature control of the evaporation
unit 216 and the flow speed of the AX vapor via the pressure control by using the
pump unit 204, wherein both the evaporation unit 216 for AX and the pump unit 204
are coupled to the side section of the chamber 200 to allow for effective control of the
AX vapor flow; (ii) the BX, compound is heated in the evaporation unit 220 coupled to
the bottom section, and the resultant BX, vapor travels substantially vertically directing
to the substrate stage 208, whereby the deposition of the BX, vapor is substantially di-
rectional, following the vertical line-of-sight transfer, while the deposition of the AX
vapor is substantially less directional; (iii) the BX, vapor hits the substrate surface and
is deposited thereon effectively based partially on the good sticking coefficient and
wettability of the BX, material; and (iv) the chemical reaction takes place between the
deposited BX, and the AX vapor existent in the proximity of the substrate surface.
Thus, the present configuration effectuates a substantially uniform chemical reaction
on a large area of the substrate surface or multiple substrate surfaces, resulting in a
large-scale, uniform perovskite film with high crystallinity even without annealing.
Furthermore, an efficient chemical reaction on the substrate surface can be promoted,
and thus the speed of the film growth can be made significantly fast, by optimizing the
evaporation rates of source materials via the respective temperature controls, and the
circulation of the AX vapor, hence the AX incorporation ratio to the deposited BX,,
via the pressure control by using the pump unit 204. Furthermore, the initial deposition
control and the film thickness control are enabled primarily by the open/close of the
shutter 228 for the substrate stage 208.

Therefore, the present fabrication process is inherently different from a typical
physical vapor co-deposition process. In a typical physical vapor co-deposition
process, two evaporators need to be situated side-by-side with an angle so that both
vapor flows are directed at the substrate surface to have line-of-sight transfer of both
source materials. Accordingly, each of the vapor flows reaches the substrate surface at
an angle, limiting the overlap region of the two vapor flows. That is, the stoichiometry
of the resultant perovskite film in the central region is different from that in the edge
region of the film. Therefore, the substrate size is limited, and the crystallinity of the
resultant perovskite film tends to be of low quality even after annealing because of
non-uniform concentration of the two source materials (e.g.,, AX and BX,). Fur-
thermore, the present system includes the horizontally situated pump unit 204 to ef-
fectuate optimal flow of the AX vapor over the substrate surface, thereby optimizing
the AX incorporation ratio to the deposited BX,, whereas such flow control does not
lead to benefits for physical vapor deposition because it is irrelevant to the operation

principles based on a purely physical process in the molecular regime.
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FIG. 5 illustrates another example of the system configuration for fabricating a
perovskite film according to an embodiment. The system includes a chamber 500
coupled to necessary parts. Similar to the system configuration illustrated in FIG. 2, a
pump unit 504 is coupled to the side section of the chamber 500 for generating near
vacuum in the chamber 500; a substrate stage 508 is coupled to the top section of the
chamber 500 for a substrate to be staged facing downward; a shutter 528 is provided
below the substrate stage 508 and is attached with a rod 532, which is used to move the
shutter 528 to expose or cover the substrate stage 508; the substrate stage 508 is
coupled to a motor 512, which drives to rotate the substrate stage 508 around the
central axis. In contrast to FIG. 2, in which a first evaporation unit 216 configured for
generating the AX vapor is coupled to the side section of the chamber 200, in the
system illustrated in FIG. 5 a first evaporation unit 516 is coupled to the bottom section
of the chamber 500. Examples of types of the first evaporation unit 516 coupled to the
bottom section include a cell evaporator illustrated in FIG. 3A, an ampule with a
heating element illustrated in FIG. 3B, and a crucible with a heating element as il-
lustrated in FIGS. 4A-4C. A set of second evaporation units 520, 521 and 522 are
coupled also to the bottom section, wherein at least one of the second evaporation units
520, 521 and 522 is configured to generate the BX, vapor. Although not shown in FIG.
5, an evaporation shutter , such as the one 236 in the system illustrated in FIG. 2, may
be provided for each of the four evaporation units 516, 520, 521 and 522, for use for
quick switching on/off of the vapor coming from the evaporation unit into active de-
position. Monitors 540, 544, 545 and 546 are provided above the evaporation units
516, 520, 521 and 522, respectively, to monitor the evaporation rates of the source
materials coming out from the respective evaporation units. A filter 550 may be de-
tachably attached at the opening of the pump 504. The filter 550 may be made of a fine
fabric mesh held by two concentric ring-shaped frames, as illustrated in FIG. 5.

A shield 524 is structured to separate the fourevaporation units 516, 520, 521 and
522 coupled to the bottom section of the chamber 500, defining individual zones corre-
sponding to these evaporation units. In this example, the shield 524 includes four
rectangular plates defining four zones for the four evaporation units 516, 520, 521 and
522, respectively, to reduce thermal interference between different types of vapors,
enabling independent evaporation control of different materials in the respective
evaporation units. The structure of the shield 524 is configured to include vertically
upright plates to define the individual zones with a predetermined height in the
chamber 500 for facilitating independent deposition behaviors. The shield structure
around the first evaporation unit 516, however, is configured differently from the
shield structure around each of the second evaporation units 520, 521 and 522, in that a

top shield portion 525 is provided above the first evaporation unit 516. That is, the
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shield structure 524 includes the top shield portion 525 only above the first evaporation
unit 516. The shield structure around the first evaporation unit 516 allows for the AX
vapor to effectively circulate in the chamber 500, without directly hitting the substrate
surface. On the other hand, the shield structure around each of the second evaporation
unit 520, 521 and 522 allows for the deposition of the source vapor therefrom to be
substantially directional, following the line-of-sight transfer to the substrate surface.
The zone designated for each of the evaporation units in the second set, 520, 521 and
522, is configured to have a horizontal cross-sectional area that is open and facing the
substrate surface. The horizontal cross-sectional areas of the separate zones designated
for the evaporation units in the second set, 520, 521 and 522, together with the rotation
speed of the substrate stage 508, can be predetermined based on desired deposition
rates and growth composition. Instead of a plate structure, a chimney-like structure
having a shape such as a cylinder, a funnel, etc. may be configured to shield each
evaporation unit from the others. In this case, the opening portion of the shield
structure for the first evaporation unit 516 may be oriented to face away from the
substrate stage 508 so as to reduce the direct deposition of the AX vapor onto the
substrate surface and to promote the circulation in the chamber 500. Additionally or al-
ternatively to having the top shield 525 above the first evaporator unit 516 or con-
figuring the opening portion of the shield structure for the first evaporation unit 516 to
face away from the substrate surface, the first evaporation unit 516 itself may be
placed horizontally away from the second evaporation units 520, 521 and 522, so that
the overlap between the horizontal cross-sectional area of the substrate stage 508 and
that of the first evaporation unit 516 is avoided.

In the system illustrated in FIG. 5, one first evaporation unit 516 and three second
evaporation units 520, 521 and 522 are coupled to the bottom section of the chamber
500. However, one or more first evaporation units may be coupled to the bottom
section of the chamber 500. A shield is structured around each of the evaporation unit
in the first set so as to reduce direct deposition of the source vapor onto the substrate
surface, thereby promoting circulation of the source vapor in the chamber 500. Alter-
natively, all the first evaporation units may be coupled to the side section of the
chamber, as illustrated in FIG. 2. Yet alternatively, one or more of the first evaporation
units may be coupled to the bottom section, and the other first evaporation units may
be coupled to the side section. That is, the present system is configured to include a
first set of evaporation units comprising one or more evaporation units, each coupled to
the side section of the chamber or to the bottom section of the chamber with a proper
shield structure around it, wherein at least one evaporation unit in the first set is
configured to generate the AX vapor.

The present system illustrated in FIG. 2 or FIG. 5 is configured to include multiple
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sources and is capable of controlling the growth profile at the monolayer or sub-
monolayer level based primarily on the evaporation rates, the rotation speed of the
substrate stage 208/508 and the zoning afforded by the shield 224/524. The operation
principle of the present system and method including multiple sources is explained
below.

Here, the case of having one AX source and N BX, sources is considered for il-
lustrative purposes. The AX source is contained in the evaporation unit in the first set
that is coupled to the side section of the chamber or to the bottom section of the
chamber with a proper shield structure around it, as illustrated in FIG. 2 or 5, for
generating the AX vapor with the evaporation rate of R x. The N BX, sources are
contained in the S, S, ... and Sy evaporation units in the second set coupled to the
bottom section of the chamber, for generating the Sy, S, ... and Sy vapors with the
evaporation rates of Ry, R, ... and Ry, respectively. The rotation speed and evaporation
temperatures are predetermined to provide desired evaporation rates, Rax, Ri, R, ... and
Ry in the unit of ML/rotation, where ML stands for monolayer. The rotation speed is
set to be M Hz. For the evaporation rates, the unit of ML/sec can alternatively be used,
where ML/sec = ML/(M rotations) holds for the case of using the rotation speed of M
Hz. Each of the S, S, ... and Sy evaporation units is placed in a zone defined by the
shield, as illustrated in FIG. 2 or 5, and the horizontal cross-sectional areas of the zones
designated for these evaporation units are A;, A, ... and Ay, respectively. Assuming R
ax 18 properly chosen to ensure stoichiometry and all evaporation shutters are open
during deposition, after each rotation, i.e., the rotation of the substrate stage 208/508
around its central axis by 360°, the deposited film has the following structure:

Sub-Layer 1 comprises S; with thickness t; =R; “[A;/ (A; + As + ... + AY)]

Sub-Layer 2 comprises S, with thickness t, =R, “ [Ay/ (A; + As + ... + AV)]

Sub-Layer N comprises Sy with thickness ty = Ry " [An/ (A1 + As + ... + Ay)]

Eq. (1)

The above multilayer structure, comprising Sub-Layer 1 through Sub-Layer N,
formed after one rotation can be defined as a unit layer (t,/ty/.../ty). After one second,
the film comprises M repeating unit layers as follows:

G/t .. ) T (L] 1 (WG ). Eq. (2)

Strictly speaking, in the above illustration, the initial layers will be different from
location to location of the substrate surface if one large substrate is used, since the
initial vapors of different BX, materials hit different locations of the substrate surface.
Thereafter, the deposition will proceed like forming a swirl of each deposited material
as the substrate stage 208/508 rotates many times. However, in actual fabrications, the

deposition continues to grow a film with a thickness of 50-400 nm, for example,
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containing hundreds or thousands of layers. Thus, the difference in initial layers
becomes non-essential, and the growth profile can be approximated by layer-by-layer
in practice. If multiple substrates are used, these substrates mounted on different
locations on the substrate stage 208/508 have different initial layers. Again, the
difference in initial layers becomes non-essential after the deposition of hundreds or
thousands layers. For example, supposing Structure 1 = S,/S,/S//S, ... is formed on one
substrate, and Structure 2 = S,/S,/S,/S; ... is formed on another substrate, these
structures can be viewed as: Structure 2 = S,/S\/S4/S; ... = Sy/(Structure 1). Therefore,
in the practical application of the present system and method, the difference in the
initial layers becomes non-essential. That is, similar to using one large substrate, two
or more separate substrates can be placed radially on the substrates stage 208 to
achieve the layer-by-layer growth. For example, a round substrate stage with a
diameter of ~9 cm and four square substrates with each side of ~1.5 cm may be used,
wherein the four substrates are radially placed on the substrate stage ~90° apart from

each of the adjacent ones.
[0028]  Examples of fabricating perovskite films using the present multi-source system and

method are described below, wherein the numerical values are given only for il-
lustrative purposes.
Example 1

[0029]  There are two evaporation units, containing two BX, sources, coupled to the bottom
section of the chamber and placed in two zones, respectively, where the two BX,
compounds are S; = Snl, and S, = Pbl,; there is one evaporation unit containing AX =
MALI, which is coupled to the side section of the chamber or to the bottom section of
the chamber with a proper shield structure around it, as illustrated in FIG. 2 or 5. The
evaporation rates are: R; = 1 ML/rotation, R, = 1 ML/rotation, and Ry = 0.5 ML/
rotation. The zone area distribution is: A; = A, =0.5 “ (A, + A,). The rotation speed is
2 Hz. The evaporation shutters for all the sources are open during deposition. After
each rotation, the deposited film comprises the Pb-Sn mixed perovskite with stoi-
chiometry balanced at 1:1 ratio: 0.5 ML MASnl:/ 0.5 ML MAPbI;. After one second,
the film comprises two repeating unit layers, i.e., (0.5 ML MASnl;/ 0.5 ML MAPbL;) /
(0.5 ML MASnIy/ 0.5 ML MAPbBL).
Example 2

[0030]  There are two evaporation units, containing two BX, sources, coupled to the bottom
section of the chamber and placed in two zones, respectively, where the two BX,
compounds are S; = Snl, and S, = SnBr; there is one evaporation unit containing AX
= MAI, which is coupled to the side section of the chamber or to the bottom section of

the chamber with a proper shield structure around it, as illustrated in FIG. 2 or 5. The
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evaporation rates are: R; = 4 ML/rotation, R, = 1 ML/rotation, and Ry, =2.5 ML/
rotation. The zone area distribution is: A; = A, =0.5 “(A; + A,). The rotation speed is
3 Hz. The evaporation shutters for all the sources are open during deposition. After
each rotation, i.e., the rotation of the substrate stage 208/508 around its central axis by
360°, the deposited film comprises the I-Br mixed perovskite with stoichiometry
balanced at 13:2 ratio: 2 ML MASnI+/ 0.5 ML MASnIBr,. After one second, the film
comprises 3 repeating unit layers, i.e., (2 ML MASnly/ 0.5 ML MASnIBr,) / (2 ML
MASnI/ 0.5 ML MASnIBr,) / (2 ML MASnl+/ 0.5 ML MASnIBr,).

Example 3

There are three evaporation units, containing three source materials, coupled to the
bottom section of the chamber and placed in three zones, respectively, where the two
sources are BX, compounds, S; = Snl, and S, = SnBr,, and the third source is a non-
volatile dopant source, S; = Bi(NO;); (or BiX; where X = F, CI, Br or I); there is one
evaporation unit containing AX = FAI, which is coupled to the side section of the
chamber or to the bottom section of the chamber with a proper shield structure around
it, as illustrated in FIG. 2 or 5. The evaporation rates are: R, = 2.7 ML/rotation, R, =
2.7 ML/rotation, R; = 0.6 ML/rotation, and Ry, = 0.67 ML/rotation. The zone area dis-
tribution is: A; = A, = A;=0.33 " (A; + A, + A;). The rotation speed is 5 Hz. The
evaporation shutters for all the sources are open during deposition. After each rotation,
the deposited film comprises the I-Br mixed formamidinium perovskite with a 10%
doping concentration of Bi with stoichiometry balanced at 2:1 ratio: 1 ML FASn,¢Bi
I/ 1 ML FASn,Bi, IBr,. After one second, the film comprises three repeating unit
layers, i.e., (1 ML FASnBig I/ 1 ML FASn,¢Bi,;IBr,) / (1 ML FASn,¢Bi, 15/ 1 ML
FASn4BiIB1>) / (1 ML FASnBig I/ 1 ML FASnsBigIBr,).

In the above Example 3, the doping concentration of 10% is considered as an
example. Generally, it is difficult to achieve PPM-level doping concentrations.
However, for solar cell applications, the required doping concentration is expected to
be higher for polycrystalline films including perovskite films than monocrystalline
films such as single crystal Si films. It is not uncommon to find reported doping con-
centrations as high as 10% in organic amorphous semiconductors. In view of the
tolerance levels of various growth parameters, it is expected that the present system
and method can be used to realize a doping concentration of 0.1% or smaller.

In the above Example 3, one of the evaporation units coupled to the bottom section is
used to generate vapor of a non-volatile dopant source. If the dopant material is
volatile, it is preferable to use one of the evaporation units coupled to the side section
of the chamber or to the bottom section of the chamber with a proper shield structure

around it, as illustrated in FIG. 2 or 5. This is because a volatile dopant source tends to
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readily vaporize at a relatively low temperature, and thus the volatile dopant source is
qualitatively similar in characteristics to the organic AX compounds (MACIl, MABT,
MALI, FACI, FABr, FAI and the like). The characteristics can be utilized in the present
system and method to circulate the vapor in the chamber for optimal incorporation of
the volatile material to the deposited BX,.

Example 4

There are two evaporation units, containing two source materials, coupled to the
bottom section of the chamber and placed in two zones, respectively, where the two
sources are BX, compounds, S; = Snl, and S, = SnBr;,; there are two evaporation units,
each coupled to the side section of the chamber or to the bottom section of the chamber
with a proper shield structure around it, as illustrated in FIG. 2 or 5, one containing AX
= FAI and the other containing a volatile dopant material I,. The evaporation unit
including an ampule with an evaporation shutter in the form of a valve, such as il-
lustrated in FIG. 3B, may be used for generating vapor of the volatile dopant material I
2
Example 5

There are two evaporation units, containing two source materials, coupled to the
bottom section of the chamber and placed in two zones, respectively, where the two
sources are BX, compounds, S; = Pbl, and S, = Snl,; there is one evaporation unit
containing AX = MALI, which is coupled to the side section of the chamber or to the
bottom section of the chamber with a proper shield structure around it, as illustrated in
FIG. 2 or 5. The evaporation rates are: R; = 1 ML/rotation, R, = 1 ML/rotation, and R
mal = 0.5 ML/rotation. The zone area distributionis: A; = A, =0.5 " (A, + A,). The
rotation speed is 1 Hz. A two-step deposition process is carried out by having the
evaporation shutter open for S; = Pbl, and the evaporation shutter closed for S, = Snl,
in the first step, and vice versa in the second step. After the first step with 600 rotations
= 600 seconds, the deposited film comprises 600 “ (0.5 ML MAPbI;) = 300 ML
MAPBDL. After the second step with 600 rotations = 600 seconds, the deposited film
comprises 300 (0.5 ML MASnI;) = 300 ML MASnI; on top of the first deposited
film, resulting in a perovskite heterostructure having 300 ML MAPbI; / 300 ML
MASnIL. Thus, the perovskite heterostructure can be obtained by using the two- or
more-step deposition process based on the present system and method.

According to the present system and method, the layer thickness and composition
can be controlled at the monolayer or sub-monolayer level via the rotation speed of the
substrate stage 208/508 and the zone area distribution as expressed in Eq. (1), in
addition to the evaporation temperatures that determine the respective evaporation

rates. Accordingly, as exemplified in the above Examples 1 - 5, the present system and
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method can be configured to fabricate various perovskite structures suitable for a wide
variety of advanced applications. The present system includes: a chamber having a
closed hollow structure that has a side section along a vertical direction and top and
bottom sections along a horizontal direction; a substrate stage coupled to the top
section of the chamber and configured to have a stage surface facing vertically
downward for a substrate to be placed and to rotate around a central axis at a rotation
speed; a first set of evaporation units comprising one or more evaporation units, each
coupled to the side section or to the bottom section of the chamber, for generating
vapors of one or more first source materials with one or more first evaporation rates,
respectively, wherein at least one of the one or more first source materials is the AX; a
second set of evaporation units comprising two or more evaporation units coupled to
the bottom section of the chamber for generating vapors of two or more second source
materials with two or more second evaporation rates, respectively, wherein at least one
of the two or more second source materials is the BX,; and a shield for separating two
or more evaporation units coupled to the bottom section of the chamber, defining two
or more zones designated for the two or more evaporation units coupled to the bottom
section, respectively. The zone designated for each of the two or more evaporation
units in the second set is configured to have a horizontal cross-sectional area that is
open and facing the substrate surface. The first set of evaporation units, the second set
of evaporation units and the shield are configured to enable deposition of each of the
two or more second source materials to be substantially directional by vertical line-
of-sight transfer, and deposition of each of the one or more first source materials to be
substantially less directional by circulating the vapor of the first source material in the
chamber. At least the one or more first evaporation rates, the two or more second
evaporation rates, the rotation speed and the two or more horizontal cross-sectional
areas are adjusted to control composition and thickness of a unit layer to fabricate the
perovskite film comprising a plurality of unit layers, wherein each unit layer is formed
by one rotation of the substrate stage.

The present system and method can be configured to fabricate doped perovskite
films, as in Examples 3 and 4 above. It is reported that undoped (or unintentionally
doped) perovskites are mostly n-type. Thus, successful synthesis of p-type perovskites
can lead to the p-n junction formation for a perovskite solar cell. The p-type perovskite
may be generally expressed as D p-doped ABX;, where D is a dopant material such as
the volatile I, or the non-volatile Bi(NO;);, BiX;, and the like. These dopants provide
free holes when incorporated in the ABX; structure. To intentionally n-dope a
perovskite film, n-type dopant materials E can be used, where E = methylammonium,
formamidinium, Pb, InX;, and the like. These dopants provide free electrons when in-

corporated in the ABXj structure to give E n-doped ABX. In addition, the present
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system and method enables dopant profile tuning by gradually adjusting the rotation
speed and/or the zone area distribution, whereby the doping concentration can be
gradually varied in the perovskite film.

Furthermore, the present system and method can be configured to fabricate
perovskite heterostructures, as in Example 5, for forming Tandem or multi-junction
structures. Examples of such structures include: a perovskite p-n junction, i.e., p-type
perovskite/n-type perovskite or vice versa; a perovskite film on Si, such as p-type Si/
n-type perovskite, n-type Si/p-type perovskite, etc.; a perovskite film on an organic
material, such as PCBM /perovskite, where PCBM stands for Phenyl-C61-Butyric acid
Methyl ester. Tandem and multi-junction solar cells generally exhibit high conversion
efficiency. It has been reported that a prior art example of a general Tandem solar cell
can exhibit 47% efficiency under the AM1.5G spectrum, having bandgaps of 1.63eV
and 0.96eV. It is expected that comparable or even higher efficiency can be achieved
by using a Tandem or multi-junction perovskite solar cell.

Additionally, the present system and method can be configured for bandgap en-
gineering. For example, the bandgap of a mixed-halide perovskite such as FAPbI,Br;
can be tuned within a certain range by varying the halide composition, enabling
variation in color, for example. Other examples include MASnxPb, I, in which the
bandgap can be varied by varying the metal composition. The present system and
method, via implementation of multiple source and independent control of a wide
variety of growth parameters, offers suitable means for bandgap engineering, such as
in situ tuning, precise thickness control, concentration profile design, and so on.

Furthermore, the present system and method can be configured to create a one-station
process for the full cell fabrication by implementing deposition of the electron or hole
collection materials, top electrode material, encapsulation material and other materials
all in the same chamber.

Referring back to the perovskite structure illustrated in FIG. 1, it is generally known
that materials can be considered as candidates for solar cells as long as the tolerance
factor, t, defined below does not deviate significantly from 1:

ra+ry

V2(rg+rx)

Eq. (3)
where r, is the radius of the A-cation, rg is the radius of the B-cation, and r is the

radius of the X-anion. The above tolerance factor, t, known to those skilled in the art as
the Goldschmidt tolerance factor, is an indicator for the stability and distortion of
crystal structures. Thus, based on the design guideline using the tolerance factor, new

perovskite materials for solar cells can be devised by using the present system and
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method that implements multiple sources and independent control of a wide variety of
growth parameters in a versatile and comprehensive fashion.

FIG. 6 is a flowchart illustrating an example of the fabrication process of a perovskite
film using the present system. This flowchart describes a general case of having S1,,
S1, ... and S1,, source materials provided in the first set of evaporation units, re-
spectively, each coupled to the side section of the chamber as illustrated in FIG. 2 or to
the bottom section of the chamber with a proper shield structure around it, as il-
lustrated in FIG. 5, wherein M > 1 and at least one of the S1,, S1, ... and S1,, source
materials is the AX compound. In this general case, S2,, S2, ... and S2y source
materials are provided in the second set of evaporation units, respectively, coupled to
the bottom section of the chamber, wherein N > 2 and at least one of the S2;, S$2, ...
and S2y source materials is the BX, compound. The shield is provided to define zones
respectively designated for the evaporation units coupled to the bottom section of the
chamber. The zones for the second set of evaporation units, containing S2,, S2, ... and
S2y source materials, have horizontal cross-sectional areas A;, A, ... and Ay, re-
spectively, which are open and facing the substrate stage 208/508. As explained
earlier, a top shield portion, such as 525 in FIG. 5, may be provided above each of the
evaporation units in the first set coupled to the bottom section of the chamber. Alter-
natively, a chimney-like structure having a shape such as a cylinder, a funnel, etc. may
be configured to shield each evaporation unit from the others coupled to the bottom
section of the chamber. In this case, the opening portion of the shield structure for each
of the evaporation units in the first set may be oriented to face away from the substrate
stage. Additionally or alternatively, each of the evaporation units in the first set may be
placed horizontally away from the evaporation units in the second set, so as to avoid
the overlap between the horizontal cross-sectional area of the substrate stage and that
of each of the evaporation units in the first set coupled to the bottom section. Yet alter-
natively, all the evaporation units in the first set may be coupled to the side section of
the chamber, as illustrated in FIG. 2. One or more substrates, collectively called a
substrate in this document, are placed on the substrate stage 208/508 facing downward.
Examples of substrate materials include: fluorine-dope tin oxide (FTO) glass with
electron collection layer (ECL) such as TiO, compact layer or ZnO thin film; indium
tin oxide (ITO) glass with hole collection layer (HCL) such as PEDOT:PSS and NiO,
where PEDOT:PSS stands for poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate; flexible substrate, such as polyethylene terephthalate, with either ECL or
HCL.

The inside of the chamber 200/500 is pumped to a predetermined vacuum level by
using the pump unit 204/504. The substrate temperature, the evaporation temperatures

for heating the source materials in the evaporation units to provide intended
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evaporation rates, respectively, the rotation speed of the substrate stage 208/508, the
zone area distribution A;, A, ... and Ay, the intended film thickness, and other growth
parameters can be predetermined before the deposition starts and/or can be adjusted
during the deposition. The evaporation shutters, such as 236 in FIG. 2, may be
provided respectively for the evaporation units in the second set and can be adjusted
before and/or during the multi-source deposition. Each evaporation shutter can be
opened/closed for quick switching on/off of the vertical transfer of the vapor during the
deposition. Similarly, the evaporation shutter, such as 320 in FIG. 3A or 340 in FIG.
3B, provided for the evaporation unit in the first set can be adjusted before and/or
during the multi-source deposition.

In step 604 of FIG. 6, the temperature of the substrate stage 208/508 is controlled to
provide the predetermined substrate temperature. The temperature of the substrate
stage 208/508 can be controlled to provide uniform cooling or heating to the substrate,
ranging from -10°C up to 350°C, for example. In step 608, the shutter 228/528, which
is provided just below the substrate stage 208/508, is closed to cover the substrate. The
rotation of the substrate stage 208/508 can be started. In step 612, the evaporation rates
of the source materials are adjusted by controlling the evaporation temperatures in the
evaporation units, respectively. For example, the crucible 404 in FIG. 4A can be
heated by the heating element 412 of the evaporation unit 220 in the second set to the
temperature that generates the BX, vapor at the predetermined evaporation rate; the
crucible 308 in FIG. 3A can be heated by the heating element 316 of the evaporation
unit 216 in the first set to the temperature that generates the AX vapor at the prede-
termined evaporation rate. When a cell evaporator such as the example in FIG. 3A is
used for the AX source, it is preferable, for enhancing the uniformity of the resultant
perovskite film, that the evaporation shutter 320 is adjusted to be at a position, which
allows for the AX vapor to output from the evaporator efficiently and yet prevents the
AX vapor from directly hitting the substrate during deposition. The pump unit 204/504
is coupled to the side section of the chamber 200/500 so as to have the pumping
direction substantially along the horizontal direction. This configuration allows for the
flow of the AX vapor to circulate in the chamber 200/500 effectively so as to facilitate
the chemical-reaction type of deposition on the substrate. In step 616, the shutter
228/528, which is provided just below the substrate stage 208/508, is opened to start
the deposition. In step 620, the thickness of the perovskite film growing on the
substrate is monitored in situ by using at least one of the monitors provided near the
evaporation units, respectively. The deposition rate and the film thickness in situ can
be estimated based on the monitored evaporation rate using the tooling factor cal-
culation, for example. In this calculation, the ratio between the measured film

thickness and the indicated film thickness (as indicated by the monitored evaporation
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rate) is obtained during a trial run; thereafter, the ratio can be used to obtain the in situ
film thickness by factoring in the evaporation rate during deposition as observed by the
monitor. In step 624, when the film thickness reaches the predetermined thickness, the
shutter 228/528 is closed to interrupt the deposition.

The present system and method can be configured to form a wetting layer on the
substrate to enhance the quality of the subsequent perovskite film in terms of
uniformity and wettability. The wetting layer may be comprised of a metal halide, BX,
, where B = Pb or Sn and X = Cl, Br or I, which can be provided in one of the second
set of the evaporation units coupled to the bottom section of the chamber 200/500. Pbl,
or PbCl, may be preferably chosen for the wetting layer material. The fabrication
process described in the flowchart of FIG. 6 can be modified to accommodate the
optional growth of the wetting layer prior to the perovskite film growth. FIG. 7 is a
flowchart illustrating an example of a modified process to include the growth of the
wetting layer comprising the BX, prior to the perovskite film growth using the present
system. Initially, in step 704, the evaporation shutter for the evaporation unit
containing the source material BX, for the wetting layer is open, whereas the other
shutters for the evaporation units containing source materials not needed for forming
the wetting layer are closed. This step may be carried out before step 604, between
steps 604 and 608, or after step 608 that is the case illustrated in FIG. 7. After the
shutter 228/528 is closed and the rotation of the substrate stage 208/508 is started, the
evaporation rate of the BX, in one of the second set of evaporation units is adjusted by
controlling the evaporation temperature in step 708. In step 712, the shutter 228/528,
which is provided just below the substrate stage 208/508, is opened to start the de-
position of the BX, vapor. In step 716, the thickness of the wetting layer growing on
the substrate is monitored in situ by using the monitor provided near the evaporation
unit containing the BX, source material. The tooling factor obtained by the tooling
factor calculation may be used to estimate the thickness based on the monitored
evaporation rate. In step 720, when the wetting layer thickness reaches the prede-
termined thickness, the shutter 228/528 is closed to interrupt the deposition of the BX,
vapor. For example, a wetting layer with a thickness of about 50 nm may be formed
prior to forming a subsequent perovskite film with a thickness of 200 nm. The de-
position of the perovskite film on top of the wetting layer may follow by carrying out
step 604 and the subsequent steps.

The present system and method can be configured to fabricate perovskite het-
erostructures having multiple sub-films, as in Example 5, for forming a Tandem or
multi-junction structure or for bandgap engineering. One-station process can be
configured by preparing all the source materials needed for forming different sub-

films, and adjusting the evaporation rates of the needed source materials for each sub-
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film growth by controlling the corresponding evaporation temperatures while closing
the evaporation shutters provided for the evaporation units containing source materials
not needed for forming the particular sub-film. FIG. § is a flowchart illustrating an
example of the fabrication process of a perovskite heterostructure using the present
system. Two or more different perovskite sub-films can be fabricated sequentially by
repeating steps 804-828 in FIG. 8. In step 804 of FIG. &, the temperature of the
substrate stage 208/508 is controlled to provide the predetermined substrate tem-
perature. In step 808, the shutter 228/528, which is provided just below the substrate
stage 208/508, is closed to cover the substrate. The rotation of the substrate stage
208/508 can be started. For forming the N-th sub-film having the N-th type of
perovskite material, the evaporation shutters for the evaporation units containing the
source materials needed for the N-th sub-film growth are opened, while the other
evaporation shutters are closed in step 812. This step may be carried out before step
804, between steps 804 and 808, or after step 808 that is the case illustrated in FIG. 8.
In step 816, the evaporation rates of the source materials needed for forming the N-th
sub-film are adjusted by controlling the respective evaporation temperatures associated
with the evaporation units. In step 820, the shutter 228/528, which is provided just
below the substrate stage 208/508, is opened to start the deposition. In step 824, the
thickness of the N-th sub-film growing on the previous N-1 sub-film or on the
substrate is monitored in situ by using at least one of the monitors provided re-
spectively near the evaporation units generating the vapor sources needed for forming
the N-th sub-film. In step 828, when the N-th sub-film thickness reaches the prede-
termined thickness, the shutter 228/528 is closed to interrupt the deposition.

In any of the fabrication processes based on the present system and method, such as
those exemplified in FIG. 6-8, the order of some of the steps may be changed,
combined or separated for ease and convenience of carrying out the process. For
example, in FIG. 6, controlling the temperature of the substrate stage in step 604 and
closing the shutter 228/528 in step 608 may be reversed in order. In another example,
starting the rotation of the substrate stage 208/508 may be delayed until just prior to
opening the shutter 228/528. Additionally, each of the evaporation shutters for the
evaporation units may be opened, closed or adjusted to a certain position before and/or
during the deposition depending on the in situ conditions to optimize the growth
quality.

FIG. 9 is a plot of the J-V curve representing the photovoltaic device characterization
of a solar cell including the chloride iodide perovskite film, CH;NH;Pbl; xClx film,
grown by using the present fabrication system and method as illustrated in FIG. 2. The
system included two evaporation units coupled to the bottom section of the chamber

200, in which the Pbl, and PbCl, compounds were provided to generate respective
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vapor sources in two zones defined by the shield 224; one evaporation unit coupled to
the side section of the chamber 200, in which the MAI compound was provided to
generate its vapor. The TiO,/FTO substrate was used for the present deposition. The
perovskite film was grown up to a thickness of about 200nm on top of the Pbl, wetting
layer with a thickness of about 50nm. The measurements of the J-V curve were carried
out under a simulated AM1.5G solar irradiation of 100mW/cm?. This plot shows that
the short circuit current density (Jsc) is 15.9mA/cm?, the open circuit voltage (Voc) is
1.04V, and the fill factor (FF) is 0.582. This sample has the power conversion ef-
ficiency (PCE) of about 9.6%. All solar cells from the same batch deposition showed
the similar performance, thereby indicating a device yield of 100%.

FIG. 10 is a plot of the measured absorbance of the CH;NH;Pbl; xCly film. The sharp
rise observed at ~780nm corresponds to a bandgap of 1.59eV. The second onset at
~500nm also is considered to correspond to the intrinsic absorption of a perovskite
material.

FIG. 11 is a photo showing the atomic force microscopy (AFM) images of the CH;
NH;PbI; «Cly film. Images with scan sizes of 2 x 2 um? and 20 x 20 wm? are shown in
(A) and (B), respectively. The AFM images show that the typical root-mean square
(RMS) roughness of the film is about 37nm, which is considered to be small, thereby
indicating the uniformity of the perovskite film grown by the present fabrication
system and method. Perovskite film thickness was determined to be approximately 200
nm by measuring the edge between perovskite film and bare substrate covered by a
shadow mask (i.e. a half of the substrate is covered).

FIG. 12 is a plot showing the X-ray diffraction (XRD) spectrum of the CH;NH;Pbl,; x
Cly film exhibiting the maximum PCE of 9.6% as shown in FIG. 9. This XRD
spectrum shows the organometal halide perovskite characteristics having peaks at
14.04, 28.42 and 43.08 degrees corresponding to the (110), (220) and (330) planes of
the orthorhombic structure. It should be noted that the peak (110) is stronger than the
(220) peak even in the absence of annealing in the present process. The peak labeled
with Pbl, is considered to originate from the Pbl, wetting layer.

FIG. 13 is a photo showing the AFM images of the structure of Si/100nm perovskite/
50nm spiro-MeOTAD in (A) and the AFM image of the structure of Si/10nm PbCl, /
100nm perovskite/5S0nm spiro-MeOTAD in (B), where the height scales are the same
in (A) and (B). These two images compare the effect of adding a wetting layer prior to
the perovskite film growth. PbCl, is used to form the wetting layer on the Si substrate
in (B), whereas no wetting layer is included in the structure in (A). spiro-MeOTAD is
an organic semiconductor and usually forms an amorphous film that is conformal to
the film underneath. For example, when deposited on a typical Si substrate that is very
flat, the spiro-MeOTAD film exhibits a roughness of about 0.1-0.2nm. That is, the
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morphology roughness of the perovskite film can be observed in the AFM image of the
structure capped with spiro-MeOTAD. Comparison between the AFM images in (A)
and (B) reveals that significant improvement in film smoothness was achieved by the
addition of the PbCl, wetting layer of about 10nm in thickness in this example.
Subsequent experiments indicated that adding the PbCl, wetting layer or the Pbl, layer
gives rise to similar effects in terms of improving the film smoothness of the
perovskite.

While this document contains many specifics, these should not be construed as lim-
itations on the scope of an invention or of what may be claimed, but rather as de-
scriptions of features specific to particular embodiments of the invention. Certain
features that are described in this document in the context of separate embodiments can
also be implemented in combination in a single embodiment. Conversely, various
features that are described in the context of a single embodiment can also be im-
plemented in multiple embodiments separately or in any suitable subcombination.
Moreover, although features may be described above as acting in certain combinations
and even initially claimed as such, one or more features from a claimed combination
can in some cases be exercised from the combination, and the claimed combination

may be directed to a subcombination or a variation of a subcombination.
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[Claim 1] A system for fabricating a perovskite film, wherein source materials
include: an organic compound AX having A combined with X; and a
metal halide compound BX, having B combined with X,, wherein the
A represents an organic element selected from a group consisting of
methylammonium (MA) and formamidinium (FA), the B represents a
metal element selected from a group consisting of Pb and Sn, and the X
represents a halogen element selected from a group consisting of Cl, 1
and Br, the system comprising:

a chamber having a closed hollow structure that has a side section
along a vertical direction and top and bottom sections along a
horizontal direction;

a substrate stage coupled to the top section of the chamber and
configured to have a stage surface facing vertically downward for a
substrate to be placed and to rotate around a central axis at a rotation
speed;

a first set of evaporation units comprising one or more evaporation
units, each coupled to the side section or to the bottom section of the
chamber, for generating vapors of one or more first source materials
with one or more first evaporation rates, respectively, wherein at least
one of the one or more first source materials is the AX;

a second set of evaporation units comprising two or more evaporation
units coupled to the bottom section of the chamber for generating
vapors of two or more second source materials with two or more
second evaporation rates, respectively, wherein at least one of the two
or more second source materials is the BX,; and

a shield for separating two or more evaporation units coupled to the
bottom section of the chamber, defining two or more zones designated
for the two or more evaporation units coupled to the bottom section, re-
spectively, wherein the zone designated for each of the two or more
evaporation units in the second set is configured to have a horizontal
cross-sectional area that is open and facing the substrate surface,
wherein the first set of evaporation units, the second set of evaporation
units and the shield are configured to enable deposition of each of the
two or more second source materials to be substantially directional by
vertical line-of-sight transfer, and deposition of each of the one or more

first source materials to be substantially less directional by circulating
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the vapor of the first source material in the chamber.

The system of claim 1, wherein

at least the one or more first evaporation rates, the two or more second
evaporation rates, the rotation speed and the two or more horizontal
cross-sectional areas are adjusted to control composition and thickness
of a unit layer to fabricate the perovskite film comprising a plurality of
unit layers, wherein each unit layer is formed by one rotation of the
substrate stage.

The system of claim 1, wherein

at least one of the one or more evaporation units in the first set is
coupled to the side section of the chamber.

The system of claim 1, wherein

at least one of the one or more evaporation units in the first set is
coupled to the bottom section of the chamber, and

the shield is configured to include a top shield portion above the at least
one of the one or more evaporation units in the first set to promote the
circulation of the vapor of the first source material therefrom by
reducing the vapor directly hitting the substrate.

The system of claim 1, wherein

at least one of the one or more evaporation units in the first set is
coupled to the bottom section of the chamber, and

an opening portion of the shield for the at least one of the one or more
evaporation units in the first set is oriented to face away from the
substrate surface to promote the circulation of the vapor of the first
source material therefrom by reducing the vapor directly hitting the
substrate.

The system of claim 1, wherein

at least one of the one or more evaporation units in the first set is
coupled to the bottom section of the chamber away from the two or
more evaporation units in the second set to avoid an overlap between a
horizontal cross-sectional area of the substrate surface and that of the at
least one of the one or more evaporation units in the first set.

The system of claim 1, further comprising:

a pump unit coupled to the side section of the chamber for generating
near vacuum in the chamber, and configured to have a pumping
direction substantially along the horizontal direction.

The system of claim 7, further comprising:

a filter detachably attached at an opening of the pump unit to the
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chamber.

The system of claim 1, further comprising:

a shutter provided below the substrate stage and configured to be
adjusted to expose or cover the substrate stage.

The system of claim 1, further comprising:

a plurality of evaporation shutters provided for the evaporation units in
the first and second sets, respectively, and configured to be adjusted to
control flows of the vapors of the first and second source materials, re-
spectively.

The system of claim 1, wherein

a temperature of the substrate stage is controlled to provide uniform
cooling or heating to the substrate.

The system of claim 1 wherein

temperatures associated with the one or more evaporation units in the
first set and the two or more evaporation units in the second set are
controlled to adjust the one or more first evaporation rates and the two
or more second evaporation rates, respectively.

The system of claim 1, further comprising:

a plurality of monitors provided to monitor the one or more first
evaporation rates and the two or more second evaporation rates, re-
spectively.

The system of claim 13, wherein

at least one of the plurality of monitors is used to estimate thickness of
the perovskite film in situ.

The system of claim 2, wherein

the two or more second source materials are two or more types of the
BX., respectively,

wherein at least the one or more first evaporation rates, the two or more
second evaporation rates, the rotation speed and the two or more
horizontal cross-sectional areas are adjusted to form two or more sub-
layers in the unit layer, the two or more sub-layers including at least
elements of the two or more types of the BX,, respectively.

The system of claim 2, wherein

one of the two or more second source materials is a dopant material,
wherein at least the one or more first evaporation rates, the two or more
second evaporation rates, the rotation speed and the two or more
horizontal cross-sectional areas are adjusted to form the unit layer with

a predetermined dopant concentration.
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The system of claim 16, wherein

the dopant material is non-volatile.

The system of claim 2, wherein

one of the one or more first source materials is a dopant material,
wherein at least the one or more first evaporation rates, the two or more
second evaporation rates, the rotation speed and the two or more
horizontal cross-sectional areas are adjusted to from the unit layer with
a predetermined dopant concentration.

The system of claim 18, wherein

the dopant material is volatile.

The system of claim 10, wherein

the one or more evaporation units in the first set and the two or more
evaporation units in the second set are configured to generate vapors of
source materials to fabricate the perovskite film that is a heterostructure
having a plurality of sub-films comprising a plurality of different
perovskite materials, respectively,

wherein the plurality of evaporation shutters are adjusted to generate in
the chamber the vapors of the first and second source materials needed
for forming each sub-film.

The system of claim 10, wherein

the evaporation shutter for the evaporation unit in the second set
containing the BX, is open and the other evaporation shutters are
closed while forming a wetting layer comprising the BX, prior to
forming the perovskite film.

The system of claim 1, wherein

the rotation speed, a distribution of the two or more horizontal cross-
sectional areas, or a combination thereof is configured to be gradually
adjusted during deposition.

A method for fabricating a perovskite film by using a system of claim
1, the method comprising:

controlling a temperature of the substrate stage for providing uniform
cooling or heating to the substrate;

rotating the substrate stage at the rotation speed;

controlling temperatures associated with the one or more evaporation
units in the first set and the two or more evaporation units in the second
set to adjust the one or more first evaporation rates and the two or more
second evaporation rates, respectively;

monitoring a film thickness in situ; and
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interrupting the deposition when the film thickness reaches a prede-
termined thickness.

The method of claim 23, further comprising:

predetermining at least the one or more first evaporation rates, the two
or more second evaporation rates, the rotation speed and the two or
more horizontal cross-sectional areas to control composition and
thickness of a unit layer to fabricate the perovskite film comprising a
plurality of unit layers, wherein each unit layer is formed by one
rotation of the substrate stage.

The method of claim 23, wherein the system further comprises a shutter
provided below the substrate stage, and a plurality of evaporation
shutters provided for the one or more evaporation units in the first set
and for the two or more evaporation units in the second set, re-
spectively, the method further comprising:

closing the shutter to cover the substrate stage before the deposition;
opening the shutter to expose the substrate stage to start the deposition;
and

adjusting the plurality of evaporation shutters to control flows of the
vapors of the first and second source materials, respectively,

wherein the interrupting the deposition comprises closing the shutter.
The method of claim 24, further comprising:

providing two or more types of the BX, for the two or more second
source materials, respectively, wherein

the predetermining comprises predetermining at least the one or more
first evaporation rates, the two or more second evaporation rates, the
rotation speed and the two or more horizontal cross-sectional areas to
have two or more sub-layers in the unit layer, the two or more sub-
layers including at least elements of the two or more types of the BX,,
respectively.

The method of claim 24, further comprising:

providing a dopant material for one of the two or more second source
materials, wherein

the predetermining comprises predetermining at least one or more first
evaporation rates, the two or more second evaporation rates, the
rotation speed and the two or more horizontal cross-sectional areas to
have the unit layer with a predetermined dopant concentration.

The method of claim 27, wherein

the dopant material is non-volatile.
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The method of claim 24, further comprising:

providing a dopant material for one of the one or more first source
materials, wherein

the predetermining comprises predetermining at least one or more first
evaporation rates, the two or more second evaporation rates, the
rotation speed and the two or more horizontal cross-sectional areas to
have the unit layer with a predetermined dopant concentration.

The method of claim 29, wherein

the dopant material is volatile.

The method of claim 25, wherein

the perovskite film is a heterostructure having a plurality of sub-films
comprising a plurality of different perovskite materials, respectively,
the method further comprising:

repeating the closing the shutter through the interrupting the deposition
to form the plurality of sub-films, wherein

the adjusting the plurality of evaporation shutters comprises adjusting
them to generate in the chamber the vapors of the first and second
source materials needed for forming each sub-film.

The method of claim 25, further comprising:

forming a wetting layer comprising the BX, prior to forming the
perovskite film, wherein the forming the wetting layer comprises:
opening the evaporation shutter for the evaporation unit containing the
BX, and closing the other evaporation shutters;

controlling a temperature of the substrate stage for providing uniform
cooling or heating to the substrate;

rotating the substrate stage at a rotation speed;

controlling a temperature associated with the evaporation unit
containing the BX, to adjust the corresponding evaporation rate;
monitoring a wetting layer thickness in situ; and

interrupting the deposition when the wetting layer thickness reaches a
predetermined thickness.

The method of 23, further comprising:

gradually adjusting the rotation speed, a distribution of the two or more
horizontal cross-sectional areas or a combination thereof during de-
position.

A perovskite film fabricated by using the method of claim 23.
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AMENDED CLAIMS

received by the International Bureau on 27 November 2015 (27.11.2015)

[Claim 1]

[Claim 2]

(Currently amended) A system for fabricating a perovskite film,
wherein source materials include an organic halide compound AX and
a metal halide compound BX,, wherein halogen X in the AX and
halogen X in the BX, are the same or different, the system comprising:
a chamber having a closed hollow structure that has a side section
along a vertical direction and top and bottom sections along a
horizontal direction;

a substrate stage coupled to the top section of the chamber and
configured to have a stage surface facing vertically downward for a
substrate to be placed and to rotate around a central axis at a rotation
speed;

a first set of evaporation units comprising one or more evaporation
units, each coupled to the side section or to the bottom section of the
chamber, for generating vapors of one or more first source materials
with one or more first evaporation rates, respectively, wherein at least
one of the one or more first source materials is the AX;

a second set of evaporation units comprising two or more evaporation
units coupled to the bottom section of the chamber for generating
vapors of two or more second source materials with two or more
second evaporation rates, respectively, wherein at least one of the two
or more second source materials is the BX,; and

a shield for separating two or more evaporation units coupled to the
bottom section of the chamber, defining two or more zones designated
for the two or more evaporation units coupled to the bottom section, re-
spectively, wherein the zone designated for each of the two or more
evaporation units in the second set is configured to have a horizontal
cross-sectional area that is open and facing the substrate surface,
wherein the first set of evaporation units, the second set of evaporation
units and the shield are configured to enable deposition of each of the
two or more second source materials to be substantially directional by
vertical line-of-sight transfer, and deposition of each of the one or more
first source materials to be substantially less directional by circulating
the vapor of the first source material in the chamber.

The system of claim 1, wherein

at least the one or more first evaporation rates, the two or more second
evaporation rates, the rotation speed and the two or more horizontal

AMENDED SHEET (ARTICLE 19)
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cross-sectional areas are adjusted to control composition and thickness
of a unit layer to fabricate the perovskite film comprising a plurality of
unit layers, wherein each unit layer is formed by one rotation of the
substrate stage.

The system of claim 1, wherein

at least one of the one or more evaporation units in the first set is
coupled to the side section of the chamber.

The system of claim 1, wherein

at least one of the one or more evaporation units in the first set is
coupled to the bottom section of the chamber, and

the shield is configured to include a top shield portion above the at least
one of the one or more evaporation units in the first set to promote the
circulation of the vapor of the first source material therefrom by
reducing the vapor directly hitting the substrate.

The system of claim 1, wherein

at least one of the one or more evaporation units in the first set is
coupled to the bottom section of the chamber, and

an opening portion of the shield for the at least one of the one or more
evaporation units in the first set is oriented to face away from the
substrate surface to promote the circulation of the vapor of the first
source material therefrom by reducing the vapor directly hitting the
substrate.

The system of claim 1, wherein

at least one of the one or more evaporation units in the first set is
coupled to the bottom section of the chamber away from the two or
more evaporation units in the second set to avoid an overlap between a
horizontal cross-sectional area of the substrate surface and that of the at
least one of the one or more evaporation units in the first set.

The system of claim 1, further comprising:

a pump unit coupled to the side section of the chamber for generating
near vacuum in the chamber, and configured to have a pumping
direction substantially along the horizontal direction.

The system of claim 7, further comprising:

a filter detachably attached at an opening of the pump unit to the
chamber.

The system of claim 1, further comprising:

a shutter provided below the substrate stage and configured to be

adjusted to expose or cover the substrate stage.
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The system of claim 1, further comprising:

a plurality of evaporation shutters provided for the evaporation units in
the first and second sets, respectively, and configured to be adjusted to
control flows of the vapors of the first and second source materials, re-
spectively.

The system of claim 1, wherein

a temperature of the substrate stage is controlled to provide uniform
cooling or heating to the substrate.

The system of claim 1 wherein

temperatures associated with the one or more evaporation units in the

first set and the two or more evaporation units in the second set are
controlled to adjust the one or more first evaporation rates and the two
or more second evaporation rates, respectively.

The system of claim 1, further comprising:

a plurality of monitors provided to monitor the one or more first
evaporation rates and the two or more second evaporation rates, re-

~ spectively.

The system of claim 13, wherein

at least one of the plurality of monitors is used to estimate thickness of
the perovskite film in situ.

The system of claim 2, wherein

the two or more second source materials are two or more types of the
BX,, respectively,

wherein at least the one or more first evaporation rates, the two or more
second evaporation rates, the rotation speed and the two or more
horizontal cross-sectional areas are adjusted to form two or more sub-
layers in the unit layer, the two or more sub-layers including at least
elements of the two or more types of the BX,, respectively.

The system of claim 2, wherein

one of the two or more second source materials is a dopant material,
wherein at least the one or more first evaporation rates, the two or more
second evaporation rates, the rotation speed and the two or more
horizontal cross-sectional areas are adjusted to form the unit layer with
a predetermined dopant concentration.

The system of claim 16, wherein

the dopant material is non-volatile.

(Currently amended) The system of claim 2, wherein

one of the one or more first source materials is a dopant material,

AMENDED SHEET (ARTICLE 19)
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wherein at least the one or more first evaporation rates, the two or more
second evaporation rates, the rotation speed and the two or more
horizontal cross-sectional areas are adjusted to form the unit layer with
a predetermined dopant concentration.

The system of claim 18, wherein

the dopant material is volatile.

The system of claim 10, wherein

the one or more evaporation units in the first set and the two or more
evaporation units in the second set are configured to generate vapors of
source materials to fabricate the perovskite film that is a heterostructure
having a plurality of sub-films comprising a plurality of different
perovskite materials, respectively,

wherein the plurality of evaporation shutters are adjusted to generate in
the chamber the vapors of the first and second source materials needed
for forming each sub-film.

The system of claim 10, wherein

the evaporation shutter for the evaporation unit in the second set
containing the BX, is open and the other evaporation shutters are
closed while forming a wetting layer comprising the BX,; prior to
forming the perovskite film.

The system of claim 1, wherein

the rotation speed, a distribution of the two or more horizontal cross-
sectional areas, or a combination thereof is configured to be gradually
adjusted during deposition.

A method for fabricating a perovskite film by using a system of claim
1, the method comprising:

controlling a temperature of the substrate stage for providing uniform
cooling or heating to the substrate;

rotating the substrate stage at the rotation speed;

controlling temperatures associated with the one or more evaporation
units in the first set and the two or more evaporation units in the second
set to adjust the one or more first evaporation rates and the two or more
second evaporation rates, respectively;

monitoring a film thickness in situ; and

interrupting the deposition when the film thickness reaches a prede-
termined thickness.

The method of claim 23, further comprising:

predetermining at least the one or more first evaporation rates, the two
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or more second evaporation rates, the rotation speed and the two or
more horizontal cross-sectional areas to control composition and
thickness of a unit layer to fabricate the perovskite film comprising a
plurality of unit layers, wherein each unit layer is formed by one
rotation of the substrate stage.

The method of claim 23, wherein the system further comprises a shutter
provided below the substrate stage, and a plurality of evaporation
shutters provided for the one or more evaporation units in the first set
and for the two or more evaporation units in the second set, re-
spectively, the method further comprising:

closing the shutter to cover the substrate stage before the deposition;
opening the shutter to expose the substrate stage to start the deposition;
and

adjusting the plurality of evaporation shutters to control flows of the
vapors of the first and second source materials, respectively,

wherein the interrupting the deposition comprises closing the shutter.
The method of claim 24, further comprising:

providing two or more types of the BX, for the two or more second
source materials, respectively, wherein v

the predetermining comprises predetermining at least the one or more
first evaporation rates, the two or more second evaporation rates, the
rotation speed and the two or more horizontal cross-sectional areas to
have two or more sub-layers in the unit layer, the two or more sub-
layers including at least elements of the two or more types of the BX,,
respectively.

The method of claim 24, further comprising:

providing a dopant material for one of the two or more second source
materials, wherein

the predetermining comprises predetermining at least one or more first
evaporation rates, the two or more second evaporation rates, the
rotation speed and the two or more horizontal cross-sectional areas to
have the unit layer with a predetermined dopant concentration.

The method of claim 27, wherein

the dopant material is non-volatile.

The method of claim 24, further comprising:

providing a dopant material for one of the one or more first source
materials, wherein

the predetermining comprises predetermining at least one or more first

AMENDED SHEET (ARTICLE 19)
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evaporation rates, the two or more second evaporation rates, the
rotation speed and the two or more horizontal cross-sectional areas to
have the unit layer with a predetermined dopant concentration.

The method of claim 29, wherein

the dopant material is volatile.

The method of claim 25, wherein

the perovskite film is a heterostructure having a plurality of sub-films
comprising a plurality of different perovskite materials, respectively,
the method further comprising:

repeating the closing the shutter through the interrupting the deposition
to form the plurality of sub-films, wherein

the adjusting the plurality of evaporation shutters comprises adjusting
them to generate in the chamber the vapors of the first and second
source materials needed for forming each sub-film.

The method of claim 25, further comprising:

forming a wetting layer comprising the BX,, prior to forming the

“perovskite film, wherein the forming the wetting layer comprises:

opening the evaporation shutter for the evaporation unit containing the
BX, and closing the other evaporation shutters;

controlling a temperature of the substrate stage for providing uniform
cooling or heating to the substrate;

rotating the substrate stage at a rotation speed;

controlling a temperature associated with the evaporation unit
containing the BX, to adjust the corresponding evaporation rate;
monitoring a wetting layer thickness in situ; and

interrupting the deposition when the wetting layer thickness reaches a
predetermined thickness.

The method of 23, further comprising:

gradually adjusting the rotation speed, a distribution of the two or more
horizontal cross-sectional areas or a combination thereof during de-
position.

(Currently amended) A perovskite film fabricated by using the method
of claim 23, wherein a root mean square roughness per atomic force
microscopy (AFM) is less than 40nm without annealing.

AMENDED SHEET (ARTICLE 19)



1713

PCT/JP2015/003450

WO 2016/021112

[Fig. 1]

(v4)
wniuipiwewlo4 wn

A

VIA

)

uowiwe|

Ayle I\

igJao | P
us Jo qd
V4 40 VIN

>

a 8]




WO 2016/021112

[Fig. 2]

— 240

216

208

2/13

200
250

204

PCT/JP2015/003450

224

220



3/13

WO 2016/021112 PCT/JP2015/003450

[Fig. 3]

332
328

324

200
340
(B)

336

200

(A)

320 316
308
312
304



4/13

PCT/JP2015/003450

WO 2016/021112

[Fig. 4]

43%

(V)
002

104

A%%

80
1481 7%



5/13

WO 2016/021112 PCT/JP2015/003450
[Fig. 5]
o o
L = ©
v A S
N P N
Tp) 0
% | / / ©
O <~
O ’ (g}

\ 522

512

520

504



6/13

PCT/JP2015/003450

WO 2016/021112

[Fig. 6]

‘pPayoeal Si ssaudIy}
Wi} paulwalapald ayl uaym J1211nys 1s41) ay3 aso|d

'N3IS Ul SSAUXIIYI W1} 93 JOUUOIN

"1911Nnys 1si1) a2yl CwQO

NV

"S}lun uoijesodens
9Y1 Ul saunlesadwal uoljesodena aAIadsal 3yl 3ui||0J4uod
AQ s|eli91ew 324n0s aY3] JO sa3ed uollesodens 1snlpy

‘28e1s ajeaisgns
91 JO UOI1B10J BY3 1Je1S PUE 131INYS 1541} BY3 3SO|D

'98e1s 21e415qNs ay3 Jo anjesadwal syl [043U0)

NV

vZ9

029

919

¢l

809

09



7/13

PCT/JP2015/003450

WO 2016/021112

[Fig. 7]

09 deig

‘payoead sl ssaudIyl
J9Ae| Suinzam paujwialapald syl uaym Ja3anys 1s414 3yl aso|d

"N3IS Ul SSAUNDIYI J9Ae| ull1am 9U] JOJIUOIA

"1911nyYs 1s414 9yl uadQ

"‘24njesadwal uonjesodens ayil duljjoJiuod Ag syun uoljesodeas Jo

195 PU023S BY3 JO BUO Ul IXg Y3 Jo a1kl uolielodens ayl isnlpy

*SJ9Y310 3Y3 9S00 pue ‘Ixg ay3 3ululejuod
Jlun uoneiodena 9yl 4o} J91Inys uoljelodeas ayy uadp

NN VAN

_
809 dais

0c.

911

494

801

0.



8/13

PCT/JP2015/003450

WO 2016/021112

[Fig. 8]

L+N=N

‘payoeal
SI SSaUYIIYL W-gNs Yi-N pauiwialapald ayl uaym Ja1inys 1s41) ayl aso|)

"NIS Ul WI3-gNs Yi-N 9Y1 JO SSaUXIIY1 Y1 JOUUO|A

"1911nys 1s41} ayx uadQ

‘'saJnlesadwal uollesodens aAI3adsad 9yl 3uljjodiuod Aq wil-gns Yyi-N
9Y3} SUIMOJ3 10} PIpPI3U S|elIDleW I2JN0S BY3 JO S91ed uolesodens isnlpy

*$1913nYs uoljesodens
12410 9Y3 3502 ‘wji-gns Yyi-N 3yl Suimous Joj papaau sjeliaiew

924Nn0S SuluIelUOI S1iun uollelodens

9y3 J0J s1a1Inys uoliesodeas uadQ

‘98e1s 21e415(NSs aY31 JO UoI1e10. Y

1 1JB1S pue J911NYS 1SJ1J 3Y3 3S0|D

*98e1s 21e4150NS Y1 JO aJ4niesadwal ay) [043U0D

NNV NV

>

8¢8

vec8

0c8

918

¢l8

808

08



9/13

WO 2016/021112 PCT/JP2015/003450

[Fig. 9]

Voltage (V)

0 0) o (Q\ 0)) (0 (8] o
- -

(ZUJO/VlII) Alsua jusung



WO 2016/021112

[Fig. 10]

10/13

PCT/JP2015/003450

(syun -que) asueqlosqy

300 400 500 600 700 800 900
Wavelength (nm)

[ )
i —
: 3
a o
. O
b S
g )
L al
o= o ~ = =



WO 2016/021112

[Fig. 11]

11/13

PCT/JP2015/003450

(B)

(A)



12/13

WO 2016/021112 PCT/JP2015/003450
[Fig. 12]
» O * -
- )
= I_ L()
b u_ C
S~
9 OC\I
—
I [
X
> * .
R —~
8 o\/
N D
N ) AN
I ~ X ]
—_J - O
AN
» A -
o
R  w
~—
L ~ ~
L O
al
i & a [ & . a 'l [ [ ' [
- - o
- - -
© < Q|

(spun qJe) Alisusiu] QY X



13/13

WO 2016/021112 PCT/JP2015/003450
[Fig. 13]

Ec
<+ o
wn

—~

(2]

e

0.28 pm
0.00 pm




INTERNATIONAL SEARCH REPORT

International application No.

PCT/JP2015/003450

A.  CLASSIFICATION OF SUBJECT MATTER

Int.Cl. C23C16/44(2006.01)1, HO1L51/44(2006.01)1,
CO07F7/22(2006.01)n, CO7F7/24(2006.01)n

According to International Patent Classification (IPC) or to both national classification and [PC

HO01L51/48(2006.01)1,

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

Int.Cl. C23Cl6/00-16/56, C23C14/00-14/58, HO1lL51/44, HO1lL51/48, CO7F7/22, CO/F7/24

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Published examined utility model applications of Japan 1922-1996
Published unexamined utility model applications of Japan 1971-2015
Registered utility model specifications of Japan 1996-2015
Published registered utility model applications of Japan 19%4-2015

J5TPlus/ JST /580

(JDreamIIl), CAplus (STN)

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X Mingzhen LIU, et al., Efficient planar | 34
A heterojunction perovskite solar cells by vapour |1-33
deposition, Nature, 2013, vol.501, p.395-398
A WO 2013/171517 Al (ISIS INNOVATION LIMITED) |1-34
2013.11.21, claims 1,21,22, EXAMPLES
& JP 2015-517736 A & US 2015/0136232 Al
& GB 201208793 D & EP 2850626 Al
& AU 2013261254 A & KR 10-2015-0011002 A
& CN 104662625 A
A US 6117498 A (INTERNATIONAL BUSINESS MACHINES |1-34
CORPORATION) 2000.09.12, Claims 1,2, Fig.l
& KR 10-2000-0035021 A
¥ Further documents are listed in the continuation of Box C. {7} See patent family annex.
¥ Special categories of cited documents: “T” later document published after the international filing date or
“A” document defining the general state of the art which is not priority date and not in conflict with the application but cited to
considered to be_: of particular relevance _ ) understand the principle or theory underlying the invention
“E” ear}ler la ?[l{hca(tjlon or patent but published on or after the inter- «“X” document of particular relevance; the claimed invention cannot
“L g?)tcl?lltlr?eni lvlvlﬁic%tinay throw doubts on priority claim(s) or which be considered novel or cannot be considered to involve an
is cited to establish the publication date of another citation or other inventive step when the document is taken alone
special reason (as specified) “Y” document of particular relevance; the claimed invention cannot
«0” document referring to an oral disclosure, use, exhibition or other be considered to involve an inventive step when the document is
means combined with one or more other such documents, such
“p” document published prior to the international filing date but later combination being obvious to a person skilled in the art
than the priority date claimed “&” document member of the same patent family
Date of the actual completion of the international search Date of mailing of the international search report
29.09.2015 06.10.2015
Name and mailing address of the ISA/JP Authorized officer 4Gloa 39
Japan Patent Office Misako ANZAI
3-4-3, Kasumigaseki, Chiyoda-ku, Tokyo 100-8915, Japan | Telephone No. +81-3-3581-1101 Ext. 3416

Form PCT/ISA/210 (second sheet) (July 2009)




INTERNATIONAL SEARCH REPORT

International application No.

PCT/JP2015/003450
C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A JP 5-132765 A (NIHON SHINKU GIJUTSU KARUSHIKI |1-34

KAISHA) 1993.05.28, Claim 1, Fig.l (No Family)

A JP 2012-153959 A (KONICA MINOLTA HOLDINGS, INC.) 1-34
2012.08.16, claim 1, Fig.l (No Family)

P, A Luis K. ONO, et al., Fabrication of [1-34
semi-transparent perovskite films with
centimeter-scale superior uniformity by the
hybrid deposition method, Energy & Environmental
Science, 2014.12, vol.7, p.3989-3993

Form PCT/ISA/210 (continuation of second sheet) (July 2009)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - amend-body
	Page 34 - amend-body
	Page 35 - amend-body
	Page 36 - amend-body
	Page 37 - amend-body
	Page 38 - amend-body
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - wo-search-report
	Page 53 - wo-search-report

