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Sound bite of Project Outcomes and Results

Perovskite solar cells and modules were fabricated via two-step deposition method, hybrid chemical vapor
deposition and air blade deposition, to produce electricity from free clean solar energy which reduced
dependency on non-renewable energy usage and provides healthy environment and habitats for both residents
and wildlife of Minnesota.

Overall Project Qutcome and Results

Perovskite material is a promising candidate for the next generation of solar cells with high efficiency and
significantly lower cost than silicon solar cells. The final objective of this project is low-cost roll-to-roll
manufacturing for perovskite solar cells. Roll-to-roll manufacturing compatible fabrication methods, including
hybrid chemical vapor deposition and air blade deposition, were developed. More specifically, chemical vapor
deposition processes are optimized, and air blade coating system were developed based on a 3D printer.
Perovskite solar cell compositions, structures, and additives were also investigated and optimized to enhance
the performance. We developed flexible perovskite solar cells on PEN substrates, which is compatible with roll-
to-roll process, and shows an efficiency of 13.3% via chemical vapor deposition method. Device with power
conversion efficiency of 13.82% via air blade and chemical vapor deposition methods is also achieved. 5 cm x 5
cm perovskite solar modules with an active area of 18 cm? were fabricated and field test was performed. This
project shows proof of the concept of CVD grown perovskite solar cells with air blade deposition. The approach
shows promising results with high efficiency. Moreover, air blade and CVD deposition techniques can be
integrated with roll-to-roll manufacturing systems for large volume production to reduce the overall cost. Even
though these techniques are still not ready for deployment, CVD and air blade deposition methods are still
recommended for further investigation due to their ease of use, low cost, and large volume production
capabilities. Cheap and clean electricity produced from perovskite solar cells via the developed roll-to-roll
compatible methods during this project may further benefit the residents of Minnesota. Harvesting green solar
energy more efficiently and economically via the development of perovskite techniques can provide and
maintain a better living and natural environment for the people of Minnesota.

Project Results Use and Dissemination

The field test was performed on University of Minnesota campus and the findings were disseminated through

the following publications in archived journals.
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I. PROJECT TITLE: Develop Inexpensive Energy from Simple Roll-to-Roll Manufacturing

Il. PROJECT STATEMENT:

The objective of this proposal is to develop cheap clean solar energy based on roll-to-roll
manufacturing approach (Figure 1). Perovskite is a brand new materials for the next generation of
solar cells under development with very high efficiency and super low cost. The proposed advanced
manufacturing is a simple roll-to-roll process using low-temperature physical-chemical deposition of
perovskite, which is highly energy-efficient and very inexpensive. Potentially perovskite solar cells are
one of the most disruptive renewable energy sources, and the proposed new manufacturing is the key
to make it happen eventually. The proposed roll-to-roll manufacturing approach will enable the
development of high-performance solar cells with extremely lower cost, compared to silicon solar cells.
The success of this proposal will provide renewable green energy as centralized power plants to reduce
the imports of energy from foreign countries. In addition, as low-cost distributed energy sources, the
perovskite solar cells can be easily adopted by families or individual electronics customers, which will
significantly improve the energy efficiency of all economic sectors. Through the proposed roll-to-roll
manufacturing, perovskite solar cells can become a truly clean, low-cost, renewable energy source as
an effective energy sources in Minnesota State. This project is intended to provide foundational
knowledge of the technique and prove its feasibility of cheap perovskite solar cells. In the next phase
of the research, we will closely collaborate with state manufacturers and energy providers in
Minnesota to further develop an implementation and commercialization plan.

Upon completion of the project, cheap and high-efficiency perovskite solar cells for outdoor solar to
electricity conversion will be developed. The knowledge learned throughout the project will provide a
solid foundation for further research and development efforts that would lead to implementation of
the new solar cells for residential, power plants, or consumer electronics. Eventually, cheap, clean,
renewable, and high-efficiency solar energy sources will be installed in Minnesota. In addition to the
low-cost of roll-to-roll manufactured solar cells, the cost of transportation, installation and support
system will also decrease drastically due to their lighter weight and flexibility. This will potentially
provide a supplementary energy solution to current energy sources in Minnesota, ultimately help
implement the renewable energy policy, and thus enhance the economic and ecological benefits of
Minnesota.
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Figure 1. A comparison between roll-to-roll (R2R) manufacturing processes (left) and typical silicon
solar cells manufacturing processes (right).



lll. OVERALL PROJECT STATUS UPDATES:
Project Update December 31, 2018:

The University of Minnesota team started this project on July 1, 2018. Professors Cui recruited two
visiting research assistants conducting the work, while collaborating with Professor Terrence Simon on
the modeling of perovskite solar cells. Significant progress has been made. In this report are
summaries of progress including a numerical model to analyze the fluid flow and mass transfer in the
CVD deposition process of perovskite MAPbI3, set-up of fabrication systems, built-up of a solar cell test
system, and initial fabrication of perovskite solar cells. In summary, the initial 6-month work was
successful.

Project Update June 30, 2019:

The University of Minnesota team started this project on July 1, 2018. Professors Cui worked with two
visiting students, Xiangyang Wei and Rui Zhu, conducting the work, while collaborating with Professor
Terrence Simon on the modeling of perovskite solar cells. With the fabrication system including a glove
box, a CVD system and some other systems built up already, we fabricated a series of perovskite solar
cells based on the mixed perovskite films by a hybrid physical chemical vapor deposition method
(HPCVD), which is compatible with the roll-to-roll manufacturing processes. With the optimization of
mass ratio of FAl and MABr and the growth temperature in the CVD process, a high efficiency of
15.48% is achieved. The fabrication process is being optimized further to achieve a higher efficiency for
now. In addition, the growth process of the surface of perovskite film in the CVD process is also
characterized by using AFM, which can help us to improve our designed the roll-to-roll system to
fabricate perovskite films. At last, based on the finished results achieved, we demonstrate a designed
roll-to-roll manufacturing processes coupled with low temperature chemical-physical vapor deposition
for fabrication of perovskite films. In summary, the second 6-month work was productive and
successful.

Project Update December 31, 2019:

The University of Minnesota team started this project on July 1, 2018. Professors Cui worked with two
Ph.D. students, Jungyoon Kim and Jitong Duan, conducting the work, while collaborating with Professor
Terrence Simon and visiting student Rui Zhu on the modeling of perovskite solar cells.

This report includes the preparation of the materials and fabrication of flexible perovskite solar cells.
We characterize the surface morphology of the perovskite to check the grain size by atomic force
microscopy (AFM) and scanning electron microscopy (SEM). The efficiency of solar cells is measured by
the solar simulator. The relationship between efficiency and grain size is also included in the report. In
summary, the third 6-month work was productive and successful.

Project Update June 30, 2020:

The University of Minnesota team started this project on July 1, 2018. Professors Cui worked with two
Ph.D. students, Jungyoon Kim and Jitong Duan, conducting the work, while collaborating with Professor
Terrence Simon on the modeling of perovskite solar cells. This report includes the preparation of the
materials and fabrication of perovskite solar cells. We studied the materials to introduce better hole
transport layers (HTL) for roll-to-roll perovskite solar cells. PTAA is used as HTL, and the results are
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compared with the solar cells using PEDOT:PSS as HTL. The surface morphologies of the perovskite
were characterized by atomic force microscopy (AFM). The efficiency of flexible solar cells is measured
by the solar simulator. Due to lab closure from March to June 2020, we will conduct more assessment
of flexible solar cells compared to silicon solar cells in the next stage. In summary, the third 6-month
work was productive and successful.

Project Update December 31, 2020:

The University of Minnesota team started this project on July 1, 2018. Professors Cui worked with one
post-doc, Jungyoon Kim, and one Ph.D. student, Jitong Duan, conducting the work, while collaborating
with Professor Terrence Simon on the modeling of perovskite solar cells. This report includes the
fabrication of flexible perovskite solar cells using SnO; as an electron transport layer (ETL) and the
comparison of the device performance between ETLs of TiO, and SnO,. The devices was fabricated on
different substrates, FTO/glass for TiO; and ITO/glass for SnO,. After we confirm the feasibility of SnO;
based device on glass, we changed the substrate to ITO/PEN for flexible perovskite solar cells. In the
experiment, the perovskite film is synthesized by a low temperature CVD process. The surface
morphology of films is characterized by atomic force microscopy (AFM). The efficiency of solar cells is
measured by a solar simulator. In summary, although there is some delay on the research progress
due to pandemic, we still made some progress in this project.

Project extended to June 30, 2022 by LCCMR 7/1/21 as a result of M.L. 2021, First Special Session, Chp.
6, Art. 6, Sec. 2, Subd. 18, legislative extension criteria being met.

Project Update June 30, 2021:

The University of Minnesota team started this project on July 1, 2018. Professors Cui worked with one
post-doc, Jungyoon Kim, and one master student, Yingming Xu, conducting the work. This research
includes the optimized fabrication process of perovskite solar cells on a flexible substrate and the
coating equipment for roll-to-roll manufacturing. The first objective of this research is optimizing the
process for high-efficiency flexible perovskite solar cells. SnO, was used for electron transport layers
(ETL). The devices were fabricated on ITO/PEN substrate. In the experiment, the perovskite film is
synthesized by a low-temperature CVD process. The surface morphology of the films is characterized
by atomic force microscopy (AFM). The efficiency of solar cells is measured by the solar simulator. A 3D
printer was modified to be a part of the roll-to-roll manufacturing. The printer head and air nozzle
were fabricated and attached to the printer. In summary, although there is some delay on the research
progress due to pandemic, we still made some progress in this project.

Project Update December 31, 2021:

The University of Minnesota team started this project on July 1, 2018. Professors Cui worked with one
post-doc, Jungyoon Kim, and one master student, Yingming Xu, conducting the work. This technical
report includes a scalable fabrication process on the flexible substrate and coating techniques for the
fabrication of the perovskite solar cells (PSCs) and modules (PSMs). Tetramethylammonium
tetrafluoroborate ([M4N]BF,) is investigated as the post treatment to assist the crystallization of the
perovskite film. The perovskite film is synthesized via low temperature CVD process and uniform power
conversion efficiencies across different devices are obtained. A 3D printer based slot die coater is built
as the coating module of the roll-to-roll manufacturing system and highly uniform SnO; and Pbl; films
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are obtained with controllable thicknesses. The 3D slot die coater is further developed into a low-
pressure air knife coater to reduce the manufacturing costs and simplify the coating processes. The
fabricated films are characterized by atomic force microscopy (AFM) and surface profiler. In summary,
although there is some delay on the research progress due to pandemic, we still made some progress in
this project.

Final Update June 30, 2022

Perovskite material is a promising candidate for the next generation of solar cells with high efficiency
and significantly lower cost than silicon solar cells. The final objective of this project is low-cost roll-to-
roll manufacturing for perovskite solar cells. Roll-to-roll manufacturing compatible fabrication
methods, including hybrid chemical vapor deposition and air blade deposition, were developed. More
specifically, chemical vapor deposition processes are optimized, and air blade coating system were
developed based on a 3D printer. Perovskite solar cell compositions, structures, and additives were
also investigated and optimized to enhance the performance. We developed flexible perovskite solar
cells on PEN substrates, which is compatible with roll-to-roll process, and shows an efficiency of 13.3%
via chemical vapor deposition method. Device with power conversion efficiency of 13.82% via air
blade and chemical vapor deposition methods is also achieved. 5 cm x 5 cm perovskite solar modules
with an active area of 18 cm? were fabricated and field test was performed. This project shows proof of
the concept of CVD grown perovskite solar cells with air blade deposition. The approach shows
promising results with high efficiency. Moreover, air blade and CVD deposition techniques can be
integrated with roll-to-roll manufacturing systems for large volume production to reduce the overall
cost. Even though these techniques are still not ready for deployment, CVD and air blade deposition
methods are still recommended for further investigation due to their ease of use, low cost, and large
volume production capabilities. Cheap and clean electricity produced from perovskite solar cells via the
developed roll-to-roll compatible methods during this project may further benefit the residents of
Minnesota. Harvesting green solar energy more efficiently and economically via the development of
perovskite techniques can provide and maintain a better living and natural environment for the people
of Minnesota.

Amendment request:

We request changes to the budget in the following amounts: A total of

$257,155 for Personnel, $18,494 in Professional/Technical Contracts,

$24,351 in Equipment/Tools/Supplies, and SO in Travel. The changes are needed because the COVID
extension resulted in more staff time spent on the project, supplies were cheaper than anticipated,
and no travels done during pandemic.

Amendment approved by LCCMR 12/20/22
IV. PROJECT ACTIVITIES AND OUTCOMES:

ACTIVITY 1: Development of low-cost roll-to-roll manufacturing for perovskite solar cells

Description: The objective of this activity is to develop cheap advanced manufacturing technique
based on roll-to-roll low-temperature processes and to build economical perovskite solar cells
accordingly. New perovskite solar cells will be designed and fabricated for high-efficiency solar energy
to electricity conversion. Through this new advanced manufacturing, the target is to develop
perovskite solar cells with a power conversion efficiency of 15% ~ 25% comparable to silicon solar cells
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and the fabrication cost at 1/10 ~ 1/100 of silicon-based solar cells, resulting in an overall installation
cost at least 5 times lower than the existing silicon photovoltaics.

We propose to address the following issues of the roll-to-roll manufacturing processes for solar cells:
(1) Choosing appropriate flexible substrate materials. (2) Fabricating high-performance functional
materials. (3) Integrating a series heterogeneous manufacturing processes. We will come up with
solutions for the manufacturing of perovskite solar cells.

Specific tasks will be:
1. Roll-to-roll manufacturing processes set-up, coupled with low-temperature chemical-physical vapor
deposition
a. Design hardware set-up for roll-to-roll manufacturing process based on the chemical-physical
vapor deposition facility available at Dr. Cui’s Lab
b. Fabricate and assemble roll-to-roll manufacturing process set-up
c. Test roll-to-roll manufacturing process set-up

2. Design and experiments of roll-to-roll manufacturing processes for perovskite solar cells
a. Design roll-to-roll manufacturing processes for perovskite solar cells

b. Test, characterize and optimize roll-to-roll manufacturing processes for perovskite solar cells

3. Design, fabrication, and characterization of perovskite solar cells in lab using the developed roll-to-
roll manufacturing processes
a. Design and simulate perovskite solar cells using the developed roll-to-roll manufacturing

processes
b. Fabricate solar cells using the developed roll-to-roll manufacturing processes
c. Characterize solar cells using the developed roll-to-roll manufacturing processes

4. Comprehensive assessment of the new perovskite techniques and silicon solar cells
a. Assess the design of roll-to-roll processes set-up, and compare to silicon solar cells

b. Assess the roll-to-roll fabrication techniques of perovskite solar cells, and compare to silicon
solar cells

c. Assess the performance of perovskite solar cells including power conversion efficiency, cost,
and stability in lab, and compare to solar cells

Summary Budget Information for Activity 1: ENRTF Budget: $201,002
Amount Spent:  $ 201,002
Balance: $0

Outcome Completion Date
1. Roll-to-roll manufacturing processes set-up, coupled with low-temperature 6/30/2019
chemical-physical vapor deposition

2. Design and experiments of roll-to-roll manufacturing processes for perovskite 6/30/2019

solar cells

3. Design, fabrication, and characterization of perovskite solar cells in lab using the 6/30/2020
developed roll-to-roll manufacturing processes
4. Comprehensive assessment of the new perovskite techniques and silicon solar cells | 6/30/2020




Project Update December 31, 2018:
Activity 1 update as of December 31, 2018

Outcome 1: Roll-to-roll manufacturing processes set-up, coupled with low-temperature chemical-physical vapor
deposition.

We set up the roll-to-roll manufacturing facility. We fabricated perovskite solar cells using the chemical-physical
vapor deposition method. First, we installed a glove box to control humidity because some films are very
sensitive to humidity including Pbl2, perovskite and Spiro. The air inside the glovebox was exchanged to nitride
to meet the low humidity condition. Next, we prepared the solar cell measurement system, which can measure
the efficiency of the solar cells.

We also started to establish theoretical modeling of perovskite solar cells to analyze the gas flow during the
chemical-physical vapor deposition process because the gas flow is a very important factor for the fabrication.
The commercial software ANSYS Fluent is used to do the simulation. We believe that the simulation study helps
us to find the optimized condition for the fabrication.

Outcome 2: We have not yet begun work on this because it is dependent on completion of outcome 1.
Outcome 3: We have not yet begun work on this because it is dependent on completion of outcome 2.
Outcome 4: We have not yet begun work on this because it is dependent on completion of outcome 3.

Project Update June 30, 2019:

Activity 1 update as of June 30, 2019
Outcome 2: Design and experiments of roll-to-roll manufacturing processes for perovskite solar cells

Our perovskite solar cells have the structure of FTO/ Electron transport layer (ETL)/ Perovskite film/ hole
transport layer (HTL)/ gold electrode. We studied to get better quality perovskite film with mixed precursor
materials. In the improved process, a Pbl, solution was coated on the TiO,/FTO substrate, and the coated Pbl,
film is baked on a hot plate. Next, the prepared Pbl,/TiO,/FTO/glass samples are reacted with mixed FAI and
MABr during the HPCVD process. We fabricated many samples with different ratios of the two materials to find
the optimized ratio for the high-quality film. When we used the mass ratio of FAl and MABr at 95:5, we got very
stable and high-quality perovskite film. We did experiments on a flexible polymer using roll-to-roll processes.

In this work, we also tried to find the optimized fabrication temperature and time. The optimal growth
temperature and time were 115°C and 7 h, respectively. The fabricated perovskite films were characterized by
scanning electron microscopy (SEM) and atomic force microscopy (AFM), which can check the surface shape and
roughness. We finally got very low RMS value (19.70 nm) that shows how rough the surface is. The fabricated
perovskite solar cell shows a high efficiency of 15.48% (Jsc = 22.23 mA/cm?, Voc = 1.02 V, FF = 0.68).

Outcome 3: We have not yet begun work on this because it is dependent on completion of outcome 2.

Outcome 4: We have not yet begun work on this because it is dependent on completion of outcome 3.

Project Update December 31, 2019:

Activity 1 update as of December 31, 2019



Outcome 3: Design, fabrication, and characterization of perovskite solar cells in lab using the developed roll-to-
roll manufacturing processes

We investigated structures and materials for the flexible perovskite solar cells, as it is necessary to use flexible
substrate for the roll-to-roll fabrication. First, we changed the traditional planar structure to an inverted
structure because the planar structure needs high-temperature process where the flexible substrate cannot
survive. Next, we substituted the materials for the inverted structure because we need use proper materials
based on the device structure. The inverted structure consists of PEN/ITO/PEDOT:PSS/Perovskite/PCBM/BCP/Ag
layers. In this work, we used PEDOT doped with PSS, PCBM, and BCP for the new structure, and tried to find the
optimal condition for the fabrication. PEDOT doped with PSS was spin-coated on the patterned ITO/PEN
substrate (8000 rpm for 40 s). The substrate was annealed at 120 °C for 20 min. PCBM was coated on the
perovskite film (2500 rpm for 40 s). Finally, BCP was coated on the PCBM (4000 rpm for 20 s) to help current
flow in the device.

We investigated the duration time effect during the fabrication of perovskite film. The perovskite films grew by
the HPCVD process for 8 h and 10 h, and we compared the fabricated films to show the duration time effect. We
analyzed the surface quality of the perovskite films using AFM and SEM. 10 h process showed a much larger
grain size of the perovskite than that in 8 h process. This result shows that we can get a better quality of
perovskite film with a 10 h process because larger grain size means fewer defects in the film. Finally, we
successfully found a proper structure and materials, and the fabricated solar cells have an efficiency of 7.6%. The
structure and materials can be applied to the roll-to-roll manufacturing process.

Outcome 4: We have not yet begun work on this because it is dependent on completion of outcome 3.
Project Update June 30, 2020:
Outcome 4: Comprehensive assessment of the new perovskite techniques and silicon solar cells

We fabricated perovskite solar cells using different hole transport layer (HTL) materials such as Al4083
and PTAA. We grew the perovskite films using CVD process for 10 hours on different HTL films, and we
characterized the grown perovskite film using atomic force microscope (AFM). We confirmed that the
hydrophobic surface of PTAA makes larger grain size of perovskite by isolating Pbl, nuclei from each
other, and expected better device performance with larger grain size. The power conversion efficiency
(PCE) is 7.6 % with Al4083. The PCE of the device with PTAA is 6.4 %. Although the device did not show
the enhanced PCE with PTAA, the open-circuit voltage is increased because of the large grains. As
decreasing the recombination with the large grains, we can expect the larger Vo.. In the research, we
confirm that the grain of perovskite can be increased by the PTAA layer and PTAA can be a great
candidate for HTL in perovskite solar cells. We will continue this promising work using roll-to-roll process
in the next stage. Due to lab closure from March to June 2020, more assessment of flexible solar cells
compared to silicon solar cells will be conducted in the next stage.

Project Update December 31, 2020:

We further improved the fabrication of perovskite solar cells on flexible substrates. For the substrates,
we prepare FTO/Glass, ITO/Glass and ITO/PEN. First of all, the substrates were cleaned with acetone,

isopropyl alcohol, and DI water. Before coating ETL on FTO and ITO, the surface needs to be treated by
oxygen plasma for 15 min to enhance the surface energy. TiO; solution is prepared by diluting titanium
diisopropoxide bis(acetylacetonate) into butanol. After coating the TiO solution on FTO, the next step
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is sintering process. The substrate is annealed under 550 °C for 5 hours. Because of the high
temperature process, we use FTO/Glass instead of ITO/Glass In terms of SnO; solution, the solution is
prepared by diluting SnO; solution into DI water. SnO; film only needs 150 °C for the annealing
process. The SnO; solution is coated on ITO/Glass and ITO/PEN substrates. The following fabrication
processes are exactly same for all devices. The Pbl; film convert to perovskite through CVD process
with MABr and FAI mixed powder. The ratio is 95:5 or 95 % FAl by weight and 5% MABr by weight. The
temperature is increased from room temperature to 140 °C for 30 min and maintained at 140 °C for 1
h. The spiro solution is prepared by mixing the spiro powder (0.06 mg), chlorobenzene (0.9 ml) and Li-
salt ion solution and 4-tert-Butylpyridine. The coating condition is 4000 rpm for 30 s. As the last layer,
Ag (120 nm) is deposited for the top electrode by the thermal evaporator. The grain size of ITO is
much smaller in the flexible substrate compared to the glass and the following SnO; layer also shows
much smaller roughness than one on glass. The roughness of SnO; on glass is about 1.5 nm but it is
about 0.7 nm on PEN substrate. Since the roughness of TiO; film is about 5.3 nm, the roughness can be
decreased up to 0.7 nm by using SnO; instead of TiO,.

Project Update June 30, 2021:

Perovskite solar cells can be fabricated via many scalable solution coating processes and one of the
most promising methods is slot die coating due to its ability to precisely controlling of the film
uniformity and thickness, high ink usage efficiency, high coating speed, and compatibility with scalable
processes such as roll-to-roll processing. However, commercialized slot-die coaters often only offer one
coating direction and require tens of millimeters to liters of precursor ink to fill the hose and the
reservoir prior to coating. To address these issues, a 3D printer was modified into a slot die coater due
to its minimal precursor ink wastage, the ability to coat complex geometries, and compatibility with
the roll-to-roll processing. Moreover, with additional synergistic crystallization methods, such as dry air
guenching and substrate heating, uniform dry films can be achieved. This work is to improve the
efficiency of roll-to-roll manufacturing process for perovskite solar cells.

Project Update December 31, 2021:

Perovskite solar cells can be fabricated via several scalable methods. Slot die coating technique is shown
to be one of the most promising methods that achieve high quality PSCs. Due to its compatibility with
the roll-to-roll system, a 3D printer is modified into a 3D slot die coater that achieves precise control of
the film thickness and uniformity. Moreover, in order to control the crystallization of the films, dry air
guenching is applied during the coating process.

During the testing of the slot die coating, the air quenching is found to mobilize the precursor ink and
coating bead formed by the slot die head. According to this phenomenon, a new coating method that
utilizes air knife is proposed and tested. Basing on the slot die coating method and dry air quenching, an
air knife nozzle is designed and fabricated to replace the slot die head as the main coating element. The
dry air is directly used to coat the precursor and assist the crystallization. Unlike the slot die coating
technique, the air knife coating module can achieve high-quality and low-cost films that does not require
ultraprecise control of the precursor ink distribution via the slot die head.

To further reduce the cost of fabrication,3D slot die coater is redesigned where the mini slot die head
is removed, and the dry air nozzle is directly used as the coating element. A stainless-steel blade is
attached to the nozzle and the height is set to 100 um. During the coating process, the blade initially
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distributes the precursor solution, and the air knife serves as the primary thickness control element.
The film thickness can be directly controlled by the coating speed and the air flowrate. The highest
power conversion efficiency exceeds 10% with an average PCE of 8.6%. With the [M4N]BF4 passivation
layer, the device-to-device uniformity in improved as shown in Table 1. However, the majority PCEs of
the PSCs fall below 10%. In the next stage, more ILs will be tested to improve the power conversion
efficiency and stability simultaneously.

Final Update June 30, 2022

The air blade coating system was further studied. A 3D printer is modified as the base platform of the
air blade coating system that offers precise control of coating speed and air nozzle height. A stainless-
steel blade is attached in the front of the air nozzle to disperse the Pbl; solution to form an initial wet
film of 100 um. The dry air blade is then scanned over the initially dispersed wet film for drying and
reducing the film thickness to 200 to 300 nm. The height of the dry air nozzle is set to 10 mm, and the
air flow rate is controlled at 900 SCCM.

To improve the PSC efficiency, additives are further investigated. The first additive is KOH during the
formation of SnO; film. It was found that the SnO; solution consists of KOH that is desirable for highly
efficient PSCs. The SnO; colloidal solution was diluted from 15 wt% concentration to 2.67 wt% by
deionized water. The solution should contain KOH with a desired concentration of 10 mM. The second
additive is Kl that is added during the Pbl; film deposition. 10 uM of KI was added to the Pbl, precursor
solution for dry air blade thin film deposition. The final additive is lonic liquid [M4N]BF4 that was
dissolved in IPA and deposited on CVD perovskite film. However, it was not suitable for CVD developed
perovskite layer as the [M4N]BF4in IPA would wash out the perovskite film. [MaN]BFs was then used as
the additive that is introduced to the Pbl; solution before CVD growing perovskite.

By utilizing the mentioned additives and optimizing the air blade coating parameters, the power
conversion efficiency of 13.82% was achieved. The same fabrication procedure was used to fabricate 5
cm x 5 cm perovskite solar modules (PSMs) with an active area of 18 cm?. The PSMs utilized a parallel
structure and silver grids with busbars were deposited to reduce the resistance losses from FTO.
Finally, encapsulation modules were designed for the PSMs, and field test was performed.

In summary, even though the airblade deposition and CVD showed poorer performance compared to
other coating techniques, such as spin coating and slot die coating in the literature. It is still a very
promising approach due to its easiness of use, low cost, and large-scale production capability. The
potassium salts, KOH and KI, additives are successful demonstrated to improve the power conversion
efficiency, except the ionic liquid [M4N]BF4. Moreover, perovskite solar modules with active areas of 18
cm? was demonstrated and further investigation is recommended.

ACTIVITY 2: Development of perovskite solar cells and field test

Description: A prototype panel of perovskite solar cells will be designed and constructed to
demonstrate the feasibility. Field testing protocol and hardware will be developed and tested. Field
testing will include setting up a test site in Minnesota. Upon completion of the project, we will
demonstrate the perovskite solar cells panel to the stakeholders and LCCMR committee members and
officials.
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Based on the roll-to-roll manufacturing processes, we will focus on fabricating a prototype panel of
perovskite solar cells and field testing of the solar panel. The specific objectives of the development of
perovskite solar cells and field testing are (1) to develop a prototype panel of perovskite solar cells
based on the fabricated solar cells using roll-to-roll manufacturing, (2) to develop field testing protocol
and hardware, and (3) to test real-time solar irradiation of perovskite solar cells by setting up the
prototype unit on an outdoor site.

Specific tasks will be:
1. A prototype panel of perovskite solar energy will be developed, based on the fabricated solar cells
using roll-to-roll manufacturing

a. Design prototype perovskite solar panel, based on the fabricated solar cells using roll-to-roll

manufacturing techniques
b. Assemble a prototype perovskite solar panel

2. Field testing protocol and hardware will be developed
a. Design field testing protocol and hardware for a prototype panel of perovskite solar energy

b. Characterize the protocol and hardware for a prototype panel of perovskite solar energy on
power conversion efficiency and stability

3. The prototype unit will be set up on an outdoor site and real-time solar irradiation of perovskite
solar cells will be tested.
a. Design a field site used to long-term test the prototype unit outdoors. Environmental

condition, transmission method and the surroundings will be arranged appropriately for a long-
term and precise test.

b. Develop a system which can test and record the illumination intensity of sunshine and the
current-voltage data of the prototype unit running in sunshine outdoors.

Summary Budget Information for Activity 2: ENRTF Budget: $ 98,998
Amount Spent: $ 98,998
Balance: $0

Outcome Completion Date
1. A prototype panel of perovskite solar energy will be developed, based on the 6/30/2022
fabricated solar cells using roll-to-roll manufacturing

2. Field testing protocol and hardware will be developed 6/30/2022

3. The prototype unit will be set up on an outdoor site and real-time solar irradiation | 6/30/2022

of perovskite solar cells will be tested.

Project Update December 31, 2018:
N/A
Project Update June 30, 2019:

N/A
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Project Update December 31, 2019:
N/A

Project Update June 30, 2020:

N/A

Project Update December 31, 2020:

Outcome 1: A prototype panel of perovskite solar energy will be developed, based on the fabricated
solar cells using roll-to-roll manufacturing

We fabricated flexible perovskite solar cells using SnO; as an electron transport layer (ETL) and
compared the device performance of solar cells using TiO2 and SnO; as ETLs. We fabricated the devices
on different substrates, FTO/glass for TiO, and ITO/glass for SnO,. After we confirmed the feasibility of
Sn02 based device on glass, we changed the substrate to ITO/PEN for flexible perovskite solar cells. In
the experiment, we synthesized the perovskite film using a low temperature CVD and roll-to-roll
processes. We characterized the surface morphology of films by an atomic force microscopy (AFM).
We measured the efficiency of solar cells with a solar simulator. The power conversion efficiencies of
perovskite solar cells are 15.43 % and 15.64 % with TiO, and SnO2 on glass, respectively. The power
conversion efficiency of flexible solar cells is 8.7%. Although the flexible device shows a lower
efficiency than glass substrate, we believe that the performance of flexible solar cells can be enhanced
by an optimization in the next phase. In summary, although there is some delay on the research
progress due to pandemic, we made some progress in this project. We applied for a no-cost extension
for one more year to finish the overall project.

Outcome 2: We have not yet begun work on this because it is dependent on completion of outcome 1.
Outcome 3: We have not yet begun work on this because it is dependent on completion of outcome 2.
Project Update June 30, 2021:

Outcome 1: A prototype panel of perovskite solar energy will be developed, based on the fabricated
solar cells using roll-to-roll manufacturing

Perovskite solar cells were developed on flexible substrate successfully. Many research groups have
been focused on perovskite solar cells among several types of solar cells because of their high
performance. Traditionally, TiO; is used for the electron transport layer (ETL) due to its proper bandgap
and work function for solar cells. However, there is an issue that we must tackle. Since the TiO; needs a
high temperature (about 550 °C) sintering process to get the electrical properties, it is necessary to find
another candidate which does not need the high-temperature process. A SnO; can be a great candidate
for the because we can get down the annealing temperature to 150 °C. SnO; also has a wider bandgap,
higher conductivity and greater optical transparency than TiO,. As a result, we can expect the high
efficiency of the device with SnO,. The morphology is characterized by atomic force microscopy and the
performance of the device is measured by a solar simulator. In the research, we used SnO; for the ETL
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in perovskite solar cells instead of TiO,. ITO/PEN substrates were used for the flexible substrate. The
perovskite films grew by the CVD process on the ETL film and the surface morphology was characterized
by AFM. The fabricated devices are evaluated by a solar simulator and the results show that SnO; is a
great candidate for ETL. The champion device has 13.3 % efficiency.

Outcome 2: We have not yet begun work on this because it is dependent on completion of outcome 1.
Outcome 3: We have not yet begun work on this because it is dependent on completion of outcome 2.
Project Update December 31, 2021:

Outcome 1: A prototype panel of perovskite solar energy will be developed, based on the fabricated
solar cells using roll-to-roll manufacturing

The 3D slot die coater is redesigned, where the mini slot die head is removed, and the dry air nozzle is
directly used as the coating element. This process is also applied to fabricate large area (10 x 10 cm)
perovskite solar modules (PSMs). Au grids are designed on top of the PSMs to collect the electrons
efficiently. Since the area of the perovskite film is significantly larger, the CVD fabrication process need
to be further optimized to improve the quality.

To achieve high quality perovskite films with large surface areas, slot die coating technique is
investigated. The 3D printer modified slot die coater is used to deposit SnO; and Pbl; films. The slot die
head to substrate height, coating speed, and precursor feed rate are first optimized. For the head to
substrate height of 100 um and constant ink feed rate of 130 puL/min, the coating speed can be
increased up to 1200 mm/min. To reduce the fabrication time, a higher coating speed is desired.
However, as the coating speed increases, the viscous force caused by the ink becomes more significant,
thus higher thickness film can be fabricated. The optimized coating speed to fabricate SnO; film is
found to be 800 mm/min. The 3D slot die coated SnO; film shows desired surface coverage and low
RMS surface roughness of 15.53 nm that is comparable to the spin coated SnO; film. Similar
procedures are carried out to optimize the Pbl; film. Since the coating module needs to be compatible
with the roll-to-roll systems, constant coating speed is desired throughout the whole fabrication
process. Therefore, the same coating speed of 800 mm/min is used to fabricate the Pbl; film and the
thickness is easily controlled by adjusting the Pbl, concentration. To assist the Pbl; crystallization, a dry
air quenching module is implemented to extract the Pbl, from the solvent. Small-scale (2 x 2 cm) film
and continuous large-scale film (2 x 10 cm) are fabricated with the dry air quenching assistance.

Outcome 2: We have not yet begun work on this because it is dependent on completion of outcome 1.
Outcome 3: We have not yet begun work on this because it is dependent on completion of outcome 2.
Final Update June 30, 2022

Outcome 1: A prototype panel of perovskite solar energy will be developed, based on the fabricated
solar cells using roll-to-roll manufacturing

Outcome 2: Field testing protocol and hardware will be developed.
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Outcome 3: The prototype unit will be set up on an outdoor site and real-time solar irradiation of
perovskite solar cells will be tested.

The highest power conversion efficiency (PCE) via spin coating and chemical vapor deposition methods
was enhanced from 8.59% to 9.45%. However, no significant enhancements were made with the ionic
liguid [M4N]BF4 due to its low solubility in the solvent, DMF and DMSO, during Pbl; deposition.

To achieve roll-to-roll manufacturing of the PSCs, dry air blade coating technique was further
investigated. Pbl; film was first deposited via dry air blade coating method and uniform film with low
roughness of 3.4 nm was obtained. The air blade deposited Pbl; film showed desired surface
characteristics that was comparable to the spin coating method. The dry air quickly extracted the
solvent and distributed thick wet film, thus forming uniform Pbl; films to serve as the growing seeds for
the perovskite film during CVD process.

Air blade deposited Pbl; film was moved to undergo seven hours of perovskite growth process under
115 °C in vacuum and was cooled to room temperature with a rate of 0.7 °C/minute. Pbl; film reacted
with FAI and MABr during CVD process and was fully converted into black perovskite. The developed
perovskite film exhibited promising film qualities with high smoothness and uniformity. The average size
of perovskite grains is more than 500 nm with some grain sizes near 1 um. After incorporating Kl, KOH,
and [M4N]BF, additives, defects in the perovskite film were reduced. The power conversion efficiency of
air blade fabricated champion devices was enhanced to 13.82 %, whereas the spin coated PSC from the
same batch of fabrication achieved a lower PSC of 8.3%. However, the air blade fabricated PSCs can still
be improved by improving the interface between perovskite and SnO; films.

Perovskite solar modules were also fabricated. PSMs showed a size of 5 cm x 5 cm with four light
absorbing subcells with a total active area of 18 cm?. The four subcells are laid in parallel to each other
to simplify the fabrication process. However, the conventional parallel structure exhibits low power
conversion efficiency due to the high resistance of the base transparent conductive oxide layer, such as
FTO. Therefore, silver grids were deposited to minimize the distance that the generated electrons must
travel in FTO to reduce the resistance losses. The PSMs were encapsulated by PMMA board, and sealed
by epoxy to eliminate any undesired effects of moistures and gases in the atmosphere. Measurement
system consists of an electrochemical station and a computer. The PSMs were setup for field test. They
consist of two copper strips directly connected the exposed silver coated FTO and silver coated Spiro-
OMeTAD respectively to form a closed loop.

The approach shows promising results with high efficiency. Moreover, air blade and CVD deposition
techniques can be integrated with roll-to-roll manufacturing systems for high volume production to
reduce the overall cost. Even though these techniques are still not ready for deployment. CVD and air
blade deposition methods are still recommended for further investigation due to their ease of use, low
cost, and large volume production capabilities.

V. DISSEMINATION:

Description:

The findings will be disseminated through:

(2) On site demonstration as described in the activities
(2) Public seminars
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(3) Progress update on www.me.umn.edu/labs/tianlab

(4) Presentations at national and international technical conferences
(5) Communications with interested entrepreneurs
(6) Peer reviewed papers

(7) Collaboration with Solar Cell Manufacturers

The technologies, if demonstrated successfully, may be implemented to many fields and residentials in
the State of Minnesota and beyond. Any intellectual properties and related revenues as a result of the
program will be shared between UMN and LCCMR.

Project Update December 31, 2018:

N/A

Project Update June 30, 2019:

N/A

Project Update December 31, 2019:

N/A

Project Update June 30, 2020:

One peer reviewed paper was accepted for a publication by an archived journal:

Rui Zhu, Xiangyang Wei, Gongnan Xie, Terrence Simon and Tianhong Cui, “Numerical simulation of vapor
deposition process of perovskite solar cells: the influence of MAI vapor flow to perovskite growth”, ASME
Journal of Solar Energy Engineering (Accepted)

Project Update December 31, 2020:

One peer reviewed paper was accepted for a publication by an archived journal:

Xiangyang Wei, Yangke Peng, Gaoshan Jing, Terrence Simon and Tianhong Cui, “High Performance Perovskite
Solar Cells Fabricated by a Hybrid Physical-Chemical Vapor Deposition”, ASME Journal of Solar Energy
Engineering (Accepted)

Project Update June 30, 2021:

N/A

Project Update December 31, 2021:

One peer reviewed paper was published for a publication by an archived journal:

Xiangyang Wei, Yangke Peng, Gaoshan Jing, Terrence Simon, and Tianhong Cui, “High Performance
Perovskite Solar Cells Fabricated by a Hybrid Physical-Chemical Vapor Deposition”, ASME Journal of

Solar Energy Engineering, Vol. 143, No. 4, 2021: 041006

Final Update June 30, 2022
15



N/A
Final Report Summary

The field test was performed on University of Minnesota campus and the findings were disseminated

through the following publications in archived journals.

1. Rui Zhu, Xiangyang Wei, Gongnan Xie, Terrence Simon, and Tianhong Cui. "Numerical simulation of
vapor deposition process of perovskite solar cells: The influence of methylammonium iodide vapor
flow to perovskite growth." Journal of Solar Energy Engineering 143, no. 1 (2021).

2. Xiangyang Wei, Yangke Peng, Gaoshan Jing, Terrence Simon, and Tianhong Cui, “High Performance
Perovskite Solar Cells Fabricated by a Hybrid Physical-Chemical Vapor Deposition”, ASME Journal of
Solar Energy Engineering, Vol. 143, No. 4, 2021: 041006

3. Wei, Xiangyang, Yanke Peng, Gaoshan Jing, and Tianhong Cui. "Planar structured perovskite solar
cells by hybrid physical chemical vapor deposition with optimized perovskite film thickness."
Japanese Journal of Applied Physics 57, no. 5 (2018): 052301.

VI. PROJECT BUDGET SUMMARY:
A. ENRTF Budget Overview: See attached budget spreadsheet

Explanation of Use of Classified Staff: N/A
Explanation of Capital Expenditures Greater Than $5,000: N/A
Number of Full-time Equivalents (FTE) Directly Funded with this ENRTF Appropriation: 0.61 FTE

Number of Full-time Equivalents (FTE) Estimated to Be Funded through Contracts with this ENRTF
Appropriation: 0

B. Other Funds:

$ Amount $ Amount
Source of Funds Proposed Spent Use of Other Funds
The university overhead unpaid | $137,587 SO Develop Inexpensive Energy from
Simple Roll-to-Roll Manufacturing
TOTAL OTHER FUNDS: | $137,587 S0

VIIl. PROJECT STRATEGY:

A. Project Partners:

Tianhong Cui, professor in Department of Mechanical Engineering and affiliated graduate faculty in
Department Electrical and Computer Engineering, will serve as Pl and project manager. He will be
responsible for overseeing the project, all reports, and deliverables. He will also design the roll-to-roll
manufacturing processes and perovskite solar cells based on the advanced manufacturing technique.
Under Professor Cui’s supervision, the Ph.D. student will be responsible for the manufacturing facility
and the outdoor experimental test set-up, and he will also be in charge of design, fabrication, and
characterization of perovskite solar cells.

B. Project Impact and Long-term Strategy:
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Given the state’s latitude, many people are surprised to learn that Minnesota has annual solar
radiation similar to portions of Florida and Texas, with sunshine for about 5 hours per day in average in
Minneapolis. Solar energy production is a small but exponentially growing resource in Minnesota,
where we now have more than 15 Megawatts (MW) of solar electric capacity. In May 2013, the
Minnesota legislature adopted a mandate on investor-owned utilities in the state that requires them to
produce 1.5% of their electricity from solar power by 2020. The Minnesota Legislature established a
solar photovoltaic and solar thermal incentive program for consumers who install photovoltaic and
solar thermal systems using solar modules and collectors certified as manufactured in Minnesota.

Solar energy out-powers anything that human technology could ever produce. However, today’s
commercial solar cells, most often made from silicon, typically convert sunlight into electricity with an
efficiency of about 10 percent to 20 percent, although some test cells do a little better. Given their
manufacturing costs, modules of today’s cells incorporated in the power grid would produce electricity
at a cost roughly 3 to 6 times higher than current prices. To make solar economically competitive,
engineers must find ways to lower their manufacturing costs and to improve the efficiency of the cells.
This project will provide one solution for lowering the cost and improving solar efficiency is to use new
materials perovskite together with low-cost roll-to-roll advanced manufacturing techniques.

Upon completion of the project, cheap and high-efficiency perovskite solar cells for outdoor solar to
electricity conversion will be developed. The knowledge learned throughout the project will provide a
solid foundation for further research and development efforts that would lead to implementation of
the new solar cells for power plants or consumer electronics enabling very cheap, clean, renewable,
and high-efficiency solar energy sources in Minnesota eventually. This will potentially provide a
supplementary energy solution to current energy sources in Minnesota, ultimately help implement the
renewable energy policy, and thus enhance the economic and ecological benefits of Minnesota.

C. Funding History:

Funding Source and Use of Funds Funding Timeframe $ Amount
Mocon Inc., Graphene gas sensors Nov. 2014 - July 2016 $173,199
Alexandria Extrusion Inc., Microstructures for Heat Transfer Nov. 2011 - Dec. 2015 $165,516
DARPA, MEMS-Based Active Heat Sink Technology Jan. 2009 - Sept. 2013 $2,579,025
MN Partnership, Nano-Sensors Jan. 2010 — Dec. 2012 $637,500

VIIl. REPORTING REQUIREMENTS:

e The project is for 4 years, will begin on 07/01/18, and end on 06/30/22.
e Periodic project status update reports will be submitted [06/30] and [12/31] of each year.
e Afinal report and associated products will be submitted between June 30 and August 15, 2022.

IX. VISUAL COMPONENT or MAP(S):
N/A
X. FEE TITLE ACQUISITION/CONSERVATION EASEMENT/RESTORATION REQUIREMENTS:

N/A
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Appendix: Visual Component

Project Title: Develop Inexpensive Energy from Simple Roll-to-Roll Manufacturing (160-E)

Current Silicon Solar Cell Production Line from CETC (Very Complex and Expensive)
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Bt

Future Applications of Proposed Cheap Solar Cells (Cheap, Clean, and Renewable)
(a) Solar Power Plant, (b) Soar Powered Consumer Electronics

In-lab faricted 5cmx 5 cm pervskite solar modules and field test setup
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(a) & (b) perovskite solar panel vs silicon solar panel, (c) front view of perovskite solar panel
encapsulation module, (d) back view of the perovskite solar panel encapsulation module, (e) & (f)
perovskKite solar panel field test
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Environment and Natural Resources Trust Fund
M.L. 2018 Budget Spreadsheet - FINAL

Project Title: Develop Inexpensive Energy from Simple Roll-to-Roll Manufacturing

ENVIRONMENT

AND NATURAL RESOURCES

Legal Citation: M.L. 2018, Chp. 214, Art. 4, Sec. 02, Subd. 07c TRUST FUND
Project Manager: Tianhong Cui

Organization: University of Minnesota

College/Department/Division: College of Science and Engineering, Mechanical Engineering

M.L. 2018 ENRTF Appropriation: M.L. 2018, Chp. 214, Art. 4, Sec. 02, Subd. 07c

Project Length and Completion Date: Four years - June 30, 2022

Date of Report: Actuals through 8/9/22

ENVIRONMENT AND NATURAL RESOURCES TRUST FUND BUDGET Total Budget Amount Spent Balance
BUDGET ITEM

Personnel (Wages and Benefits) - Overall $257,155 $257,155 SO
Dr. Tianhong Cui, PI, 1 month summer salary (11% FTE) & 33.5% fringe for 3

years (Total estimated amount $70,903)

Graduate Research Assistant, 50% FTE (fall & spring semesters include

16.9% fringe plus $18.94/hour tuition, summer 15% fringe only) for 3 years

(Total estimated amount $144,562)

Professional/Technical/Service Contracts

Scientific Services: User fees at Minnesota Nano Center and $18,494 518,494 SO
Characterization Facility at the University of Minnesota. The cost is about

5875 per month for the research assistant for 3 years.

Equipment/Tools/Supplies

Lab Materials & Supplies: fabrication materials & supplies including silicon 524,351 524,351 S0
wafers ($8,000), polymer substrates ($9,000), chemicals ($9,035), roll-to-

roll manufacturing set-up items ($16,000), bottles, gloves, other electronics

for testing, etc. ($6,000)

Travel expenses in Minnesota

Travel- Cui Domestic travel year 2 & 3: Mileage, lodging, and meals for S0 S0 S0
travel to and between the solar testing sites and the university based on the

university compensation policy

COLUMN TOTAL $300,000 $300,000 S0
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W) Check for updates

Numerical Simulation of Vapor
Deposition Process of Perovskite
Solar Cells: The Influence of
Methylammonium lodide Vapor
Flow to Perovskite Growth

This paper presents a two-dimensional (2D) transient numerical model for simulating the
vapor deposition process for growing perovskite films. The diffusion process of methylam-
monium iodide (MAI) vapor through the processing chamber to react with the lead
iodide (Pbl;) substrate and grow the perovskite layer is analyzed with a diffusion coefficient
that has been determined by measuring thicknesses of perovskite layers grown in a chemical
vapor deposition (CVD) chamber. Innovations applied to the CVD chamber to improve the
uniformity of layer thickness and offer control over the growth process are applied and com-
putationally assessed. One is the addition of screens at various strategic locations in the
chamber to improve flow uniformity. Another is changing the locations of MAI sublimation
bowls and chamber outlet numbers and locations. The results show that adding screens
makes the MAI vapor flow more uniform in the plenum while allowing a quicker purge
of the N, inert gas. This leads to a higher and more uniform growth rate of perovskite.
The MAI vapor flow is influenced by the reaction plenum geometry, so the chamber is
expected to allow good control of the process to achieve uniform surface deposition rate
and controlled grain growth of the perovskite layer. [DOI: 10.1115/1.4047296]

Keywords: perovskite solar cells, chemical vapor deposition, perovskite layer growth,
surface deposition rate, transient numerical simulation, efficiency, solar

1 Introduction

Perovskite solar cells have drawn tremendous attention because
of their excellent properties such as tunable bandgap, long carrier dif-
fusion length, excellent light absorption performance, low cost,
low-temperature processing, and flexible materials. The power con-
version efficiency (PCE) of perovskite solar cells has rapidly
improved from 3.8% to 25.2% in recent years [1,2], which is close
to the best single crystalline silicon solar cells. The next step for
researchers is to develop a low-cost and large-scale processing pro-
cedure for large-area, high-performance, and stable perovskite
solar cell fabrication to make this technology more competitive in
commercial applications than for other solar cells, like silicon-based
solar cells, CdTe-based solar cells, and so on.

There are many factors that have significant impacts on perov-
skite solar cell performance, including the perovskite film morphol-
ogy, crystallinity, thickness, and material purity. To produce
high-quality, uniform perovskite films with fewer defects, different
kinds of methodologies have been developed, such as the one-step
solution method [3-5], the two-step solution method [6,7], the
vapor-assisted solution process [8,9], dual-source vacuum deposi-
tion [10,11], and hybrid deposition [12]. Among these methodolo-
gies, the solution processes are the most popular, and high
efficiencies are achieved. However, the solution processes have
high uncertainties in the process, making commercial applications
challenging. The vapor-assisted deposition technique has more
effective control over the working conditions, like pressure,

'Corresponding author.

Contributed by the Solar Energy Division of ASME for publication in the JOURNAL
OF SoLAR ENERGY ENGINEERING: INCLUDING WIND ENERGY AND BUILDING ENERGY
CoNSERVATION. Manuscript received January 8, 2020; final manuscript received May
18, 2020; published online June 26, 2020. Editor: S. A. Sherif.
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Copyright © 2020 by ASME

temperature, and heat and mass transfer, which is beneficial for
achieving stable and high-performance perovskite solar cells.
Besides, as precursor organic and inorganic materials have different
boiling points, the vapor-assisted deposition method is more con-
trollable than the dual-source vapor deposition method. Overall,
the vapor-assisted hybrid physical-chemical deposition method is
more favorable for its higher stability and controllability and
higher possibility for commercial application.

Yang and coworkers introduced the methylammonium iodide
(MALI) vapor-based approach and named it as vapor-assisted solution
processing for the fabrication of the perovskite layer [13—15]. In the
process, Pbl, substrates were reacted with MAI vapor at 150 °Cinan
N; environment for 2 h. The perovskite layers they produced show
high crystallinity, large grain size, and uniform surface coverage.
The high-quality CH3;NH;Pbl; perovskite films enhanced the perfor-
mance of the solar cells from their device with a PCE of 12.1%. Wang
et al. [16] systematically studied how the chemical vapor deposition
(CVD) process affects the perovskite film property. They changed
the substrate temperature, the postannealing condition, and the evap-
oration source materials. In their experiments, the CH;NH;I quartz
crystal microbalance (QCM) was placed facing downward and
directly above the CH3NH;I vapor source. There was a shutter
between the CH3;NH3I QCM and the MAI source to better control
the MAI evaporation rate during a long deposition period (1 h).
Their results showed that the vapor-assisted deposition process
needed careful control and when optimized led to the fabrication of
the high-quality perovskite film. The evaporation rate of MAI
(CH;3NH;]) is an important factor in this process, but needs better
control during the formation of perovskite.

Lower working pressure leads to a higher sublimation rate of
organic halide and a larger diffusion rate, which increases the
deposition rate and the uniformity of the perovskite growth.
Leyden et al. [17] used a two-step CVD method to grow perovskite
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films with low working pressure. A two-zone furnace was used in
their study. The MAI precursor was placed in one zone with a tem-
perature of 185 °C, while the substrates are placed in the other zone
with a lower temperature of 145-170 °C. The working pressure was
100 Pa, and nitrogen was used as the carrier gas. The two-zone
furnace increased the deposition rate because the vapor pressure
of the organic halide could be controlled independently. The
reported nominal reaction time was 1 h. The same group used for-
mamidinium iodide to fabricate perovskite solar cells with a heating
time of the organic components of less than 30 min [18]. The best
PCE reported is 14.2%. Low pressures also reduce the required
reaction temperature, since the sublimation temperature of an
organic halide is reduced at lower pressures. Peng et al. [19] used
the hybrid vapor-assisted method and fabricated high-performing
cells with a PCE of 14.7%. Both their working pressure and temper-
ature are low: 0.3 Pa and 82 °C, respectively. Their study showed
that low pressure can reduce the reaction temperature since the sub-
limation rate of MAI decreases with lower pressure. However, low
working pressure and temperature increase the required reaction
time.

The performance of a perovskite solar cell is highly influenced by
the crystalline quality of the perovskite thin film sandwiched
between electron and hole transport layers in a typical perovskite
solar cell structure. The crystalline quality is characterized by the
crystal grain size and the uniformity of film thickness [20,21].
Although many studies have been done recently on lead halide
perovskite nanocrystals, there are still significant gaps in understand-
ing of nucleation and growth processes involved in the formation of
perovskite, as well as the relationship between the perovskite crystal
structure and the solar cell performance. Agrafiotis et al. [22] tested
the thermochemistry properties including the reaction enthalpy of
Ca-Mn-based perovskites. Udayabhaskararao et al. [23] used
CsPbX; as a model system to study the formation mechanism of
cubic CsPbXj; nanocrystals, their growth via oriented attachment
into larger nanostructures, and their associated phase transforma-
tions. It was found that the formation of CsPbX5 nanocubes occurs
through the seed-mediated nucleation method, where Pb nanoparti-
cles formed during the reaction act as seeds. Further growth occurs
through self-assembly and oriented attachment.

The processing temperature and pressure are critical to the forma-
tion of uniform and stable perovskite films. Xue et al. [24] con-
ducted a Monte Carlo simulation to study the influence of device
geometry, material properties, and operating conditions on the per-
formance of a perovskite solar cell. It was found that the hole mobil-
ity in the hole transport layer and the layer thicknesses of the hole
and electron transfer layers are the three most important parameters
influencing the performance of perovskite solar cell. Yang et al. [25]
numerically studied the influence of operating pressure and temper-
ature on the surface deposition rate of perovskite films. The results
show that the increasing operating temperature and pressure will
increase the surface deposition rate of perovskite. An optimized
mass flow configuration was proposed by adding a flow resistance
to give a more uniform distribution of MAI vapor flow inside the
reaction chamber. Arivazhagan et al. [26] studied the influence of
pressure in the CVD process and found that the operating pressure
has strong effects on the grain size of the grown perovskite film.
They also proposed a method to enhance the perovskite grain size
by a gradual change in vapor pressure.

Perovskite solar cells have been rapidly developing in recent
years. Currently, the vapor-assisted deposition process is the best
way to achieve large and high-quality perovskite films. The
process has the advantage of lower temperature processing than
used with spin coating. This gives more flexibility in choices for
materials for the remainder of the cell, including flexible materials.
This article continues to study the vapor deposition process of the
perovskite layer by numerical simulation. In this work, hybrid phys-
ical-chemical vapor deposition of planar methylammonium lead
iodide (MAPbI3) is grown using a MAI precursor vapor. The diffu-
sion process of MAI vapor through the growing perovskite layer is
analyzed with a diffusion coefficient calculated by measuring the
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thickness of the perovskite layer with different growing times.
The influences of adding screens at different locations in the
plenum and changing the inlet and outlet numbers and locations
on the uniformity of the perovskite layer growth rate are analyzed
by using computational fluid dynamics and mass transfer. This
study helps understand the physics of the vapor deposition
process of the perovskite film growth and provide a method to
predict and control the surface deposition rate by controlling the
working conditions.

2 Numerical Model

2.1 Physical Model and Boundary Conditions. In the
reactor, a quartz box is put inside a chamber heated by surrounding
heating elements to realize temperature control during the sublima-
tion process. The chamber is first evacuated to a desired pressure,
and then nitrogen (N,) is introduced into the chamber to purge
the particles and atmospheric gases. Then the nitrogen flow is
shut down, and the heating element is turned on to heat the
quartz box to a specific temperature, while a low near-vacuum pres-
sure is maintained in the box. During the heating process, MAI
powder in the crucibles sublimates into the quartz box and then
mixes and diffuses within the N, atmosphere. The mixture of
MAI and N, flows around the substrate surfaces, which are
coated with Pbl,, and then to an outlet. A deposition reaction
takes place on the substrate surface, and a layer of perovskite is
formed. As the MAI powder continues to sublimate, the quartz
box becomes filled with MAI vapor, while the N, from its initial
charge is purged, finally reaching a steady-state with a steady
outflow of pure MAI and a continuous MAI concentration for
deposition into the perovskite film on each substrate surface.

To simulate this process, a simplified 2D transient model is estab-
lished, as shown in Fig. 1. The reaction plenum is a rectangular box
with alength of 156 mm and a height of 60 mm. It has three inlets and
three outlets. Each inlet is 20 mm wide and 10 mm high, and each
outlet is 5 mm wide and 5 mm high. Two screens are put in the
plenum, as the figure shows, to make the flow from upper plenum
to lower plenum more uniform. The two substrates are 10 mm
above the second screen, and each substrate is 20 mm wide and
2 mm thick. The box is initially filled with N,. From the beginning
of the simulation, pure MAI vapor is introduced through the inlets,
simulating the sublimation process of the actual system. The N is
purged, and finally, the box is filled with MAI vapor. The two sub-
strates are initially coated with Pbl,. The reaction is on the surfaces
of the Pbl, substrates when MAI vapor becomes available.

The computational mesh used in this study is made by ANSYS ICEM
18.2. The mesh has 26,111 nodes, verified to be enough by a
mesh-independence test. The commercial computational fluid
dynamics software ANsys FLUENT 18.2 is used for this numerical
simulation. The operating pressure and the temperature are set as

156
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: 2
el

Inlet 2

[ 1

Inlet 3

[ -

Screen 1—>
Substrates

f;
—— T =,
4 . 4
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Fig. 1 The geometry of the numerical model used in the
simulation
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Table 1

Material property of MAI, Pbl,, and perovskite MAPbI; [25]

MAI Pbl, MAPbDI;
Density (kg/m3) Idea gas 6160 4000
Specific heat (J/kg K) 498 173 304.85
Thermal conductivity (W/m K) 0.00672 0.73 0.5
Viscosity (kg/m s) 1.243%x107° 1x10% 1x10%
Molecular weight (g/mol) 159 461 620
Standard state enthalpy (J/kmol) -33x1078 -2.03x107® -5.07x107®
Standard state entropy (J/kmol K) 250,000 174,850 200,000
L-J characteristic length (angstrom) 52 5.5 6
L-J energy parameter (K) 478.3 400 550

0.4 Torr (53.33 Pa) and 378.15 K (105 °C), respectively. The prop-
erties of MAI vapor are estimated using the Joback estimating
approach [27]. The properties of Pbl, and MAPbI; are adapted
from the literature [28,29]. Table 1 lists the material property
used in this study. The inlet condition is set as a pressure inlet
with a constant total pressure of 0.1 Pa. The outlets are set with
pressure outlet conditions. All the walls are of a constant and
uniform temperature. The screens are set as porous-jump boundar-
ies. The porous-jump boundary is a one-dimensional simplification
of the porous media model used to model pressure drops through
screens. The pressure change is defined as a combination of
Darcy’s law and an additional inertial loss term:

3 3
1
s,-:ZD,»jﬂvﬁZc,-,imv,wj )
J= J=

where u is the viscosity, v is the velocity of the approach flow to the
screen, p is the density, and D and C are prescribed matrices for
Darcy and inertial coefficients, respectively, of the modified
Darcy equation.

For a uniform porous medium, Eq. (1) can be simplified as
follows:

1
Si=bvi+ Cazpyly @
where k is the permeability and C; is the inertial resistance factor. In
a laminar flow with very low Reynolds number, the inertial loss
term is negligible. The permeability is calculated by an empirical
formula based on the screen type, opening ratio, and thickness
[30], which is 3x 1077 m? in this study.

Six cases are analyzed to characterize the flow field, diffusion,
and mixing processes of MAI vapor during the deposition
process. The MAI diffusion through the perovskite layer to the reac-
tion layer and the perovskite growth rate are also analyzed. Further-
more, the analysis helps assess the effectiveness of screens toward
making the surface deposition rate of MAPbI; (perovskite) uniform
over the substrates. For cases 1-4, all three inlets and only the
middle outlet are open. Case 1 has no screen. Case 2 has the
upper screen (screen 1), while case 3 has the lower screen (screen
2). Case 4 has two screens (screens 1 and 2). Both cases 5 and 6
have two screens (screens 1 and 2). For case 5, inlets 1 and 3 and
outlet 2 are open, while for case 6, inlet 2 and outlets 1 and 3 are
open. These cases are summarized in Table 2.

Table 2 Different case settings

Case Inlet Outlet Screen
1 1,2, 3 2 No screen
2 1,2,3 2 1

3 1,2,3 2 2

4 1,2,3 2 1,2

5 1,3 2 1,2

6 2 1,3 1,2

B
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2.2 Reaction Model. A laminar flow model is used in this
simulation. A species transfer model is used to calculate the mass
transfer of MAI and N,.

The governing equations for fluid flow and energy can be
expressed as follows:

Continuity equation:

%@Yi)w-(pvmbviﬁ& )

where Y; is the local mass fraction of each species, R; is the net rate
of production of species i by chemical reaction, and J; is the diffu-
sion flux of species i, which arises due to gradients of concentration
and temperature, as follows:

N vT
Ji==pDinVY; + DT,iT “4)

where D;,, is the mass diffusion coefficient for species i in the
mixture and Dy; is the thermal diffusion coefficient.
Momentum equations:

Apu)
ot
Energy equation for fluid:

=-Vp+pF +uAu 5)

0 0 0 oT
&(/’E) + o, [ui(pE + p)] = o (kﬁ—x, - 2,: hiJi — ”.i(Tij)g/j) (6)
where J; is the diffusion flux of species i.

A wall surface reaction model is used to calculate the surface
deposition process of perovskite. The reaction equation is as
follows:

CH;NH;1 + Pbl, — CH3NH;3Pbls (@)

Under the operating conditions of the present cell, there is no
backward reaction, only forward reaction. The reaction rate cons-
tant is defined by the Arrhenius equation:

Karr = A pree™ 5/ KT ®)

where A, is the pre-exponential factor, E, is the activation energy,
and R is the gas constant. The activation energy E, was found to be
110 kJ/mol in Ref. [31]. The pre-exponential constant, A, at our oper-
ating conditions is found by measurements, as will be discussed.

In the reaction process, a solid layer of MAPbI; will grow on the
substrates. The MAI vapor must diffuse through the solid layer to
react with the Pbl,. To simulate the diffusion process, the diffusion
coefficient of MAI vapor through perovskite layer must be found.
The diffusion process is schematically shown in Fig. 2. The first
step is from face 1 to face 2. The MAI vapor is transferred from
the bulk of the gas phase to the gas—solid interface. The mass
flux, J, in this step is defined as follows:

(C)]
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Fig.2 Diffusion process in the deposition reaction of perovskite

where £, is the mass transfer coefficient of MAI vapor and Cyya; is
the concentration of MAIL The second step is from face 1 to face
2. The MAI vapor diffuses through the perovskite layer to the
Pbl, layer. The mass flux, J, in this step is defined as follows:

0Cwmar

Jo=D
2 oy

10)

where D is the diffusion coefficient of MAI vapor through the
perovskite layer. The third step is on face 3. The MAI reacts with
Pbl, and grows the perovskite layer. The consumption rate of
MAL J3, in this step is represented as follows:

J3 = kCyar (11)

where k is defined as a reaction constant multiplied by the concen-
tration of Pbly, k,,,Cpy1, The surface concentration of Pbl, coated
on the substrates is Cpypr,. It is estimated from the density and the
crystal structure of Pbl,.

As an approximation, we may assume that at steady-state, the
bulk concentration of MAI is uniform, and the mass of MAI trans-
ferred through the MAPDI; layer is equal to the mass of MAI con-
sumed by the deposition reaction. By combining Eqs. (9)—-(11), we
can obtain the following equation:

D D DC
2 1
(i - - (i_—i 12
(h k) N ! (12)

where d is the thickness of the MAPDI; layer, C; is the concentra-
tion of MAI at face 1, and 7 is the reaction time. In this expression, N
is the number of MAI molecules incorporated into a unit volume of
the MAPDI; layer, equal to p(MAPbI;)/M(MAPDI3). If we define as
new constants, A = D/h + D/k, and B= DC,/N, Eq. (12) can be sim-
plified as follows:

t
d=B--A 13
p 13)

Therefore, if we measure the thickness of the perovskite layer at
several times after the steady-state growth has begun, we can eval-
uate the values of A and B by fitting the thickness versus time data
with Eq. (13) and calculating the diffusion coefficient D.

After finding the value of the diffusion coefficient D, we use it in
our numerical simulation. In our simulation, we use a stepwise
method to include the effects of the growing thickness of perov-
skite, as Table 3 presents, realized by the user-defined function.
The concentration of MAI at face 2 is C and C* is the concentration
of MALI at face 3, which is calculated by Eqgs. (10) and (11). The
thickness of the perovskite layer is represented as d. The surface

Table 3 Iteration process to calculate the surface deposition
rate of perovskite

t C C* d SDR J

fo Co Cto=0Co dip=0 SDRy (Eq. (3)) Jwo

f Cu C*¥y=DCy/ dy=dyo+ SDRy Ju
(kd, + D) SDR oAt
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deposition rate of MAPbI; (SDR) is calculated as follows:

SDR — KC"M(MAPbL)
p(MAPbL;)

where M is the molecular weight of MAPDI;. J in Table 3 is the
mass flux or mass consumption of MAI. At the beginning of the
simulation, f =1, the thickness of the perovskite layer is 0, and C
= C*, and then, J,g and SDR,( can be calculated. After a short time-
step, At, when t=t,, the thickness of the perovskite layer, dy;, and
C*¢ can be calculated based on SDRy and Cy;. Then, the new SDR
and J can be calculated. This process proceeds for the successive
time-steps.

(14)

2.3 Fabrication and Thickness Measurement of
Perovskite. For evaluation of the diffusion coefficient, D, the thick-
ness of the perovskite films versus time must be measured. The films
to be measured are fabricated on a substrate with TiO,/fluorine-
doped tin oxide (FTO)/glass. First, FTO transparent conductive
glass substrates (Nippon sheet glass, 14 Q) are cleaned with the
deionized water, ethanol, acetone, and isopropyl alcohol sequen-
tially for 30 min in an ultrasonic bath. Then, about 15 min of
oxygen plasma processing is used to chemically remove the
organic compounds and other residues from the surfaces of the sub-
strates by the Technics Oxygen Asher. Following this, a TiO, film is
fabricated on the FTO/glass as soon as possible after the oxygen
plasma treatment is completed. The TiO, film is deposited twice
by spin coating a solution prepared by dissolving 502.5 pL titanium
diisopropoxide bis (acetylacetonate) (75 wt% in isopropanol) into
6.35 mL 1-butanol. Each spin coating process is done with a speed
of 2000 rpm for 30 s. After each spin coating process, the substrates
are baked with a temperature of 140 °C for 10 min before the next
step. Then, the substrates are sintered in a CVD tube with a temper-
ature of 550 °C for 60 min. After sintering, the TiO, film is cleaned
by the oxygen plasma treatment for 5 min. Finally, the perovskite
films are deposited on the TiO, film substrates. They are fabricated
by a hybrid physical-chemical deposition process. First, the Pbl,
film is deposited on the TiO,/FTO/glass by a spin coating method.
A 1.3 M Pbl,/DMF (N, N-dimethylformamide) solution is spin
coated with a speed of 4000 rpm for 30 s. Then, the substrates are
baked for 15 min with a temperature of 70 °C. The perovskite film
growth process proceeds in a tube furnace (OTF-1200X, MTI Cor-
poration). The substrates, with Pbl, films, are put into a quartz
tube evenly filled with CH3;NH3;I powder (Greatcell Solar
Limited), and then, the tube furnace is sealed. When the reaction
time has reached the set value, the mechanical pump is opened to
end the reaction. During the fabrication process, five samples of
Pbl, perovskite films are prepared. They are as follows: pure Pbl,
(group 0) film, Pbl, and perovskite films with reaction times of
180 min (group 1), 240 min (group 2), 300 min (group 3), and a
pure perovskite film with a reaction time more than 600 min
(group 4). In the previous results [32], the Pbl, film was completely
transformed to CH3;NH3Pblj; film when the reaction time was more
than 420 min.

The above processing gives the thickness versus the time data for
the perovskite film growth in the environment of the vapor deposi-
tion chamber. The process for determining thicknesses is shown in
Fig. 3. The thickness of pure Pbl, film (group 0) is dy. After all the
Pbl, is transformed to MAPbIj, the thickness of the pure perovskite
layer (group 4) is d4. The thicknesses of the combination of Pbl, and
perovskite film with different reaction times ¢ (r=180, 240, and
300 min) are d,. When the reaction time is ¢, the thickness of the
growth perovskite layer is d;mapp;; and the thickness of the
unreacted Pbl, is d, py1,. Then, we have the following equation:

d; = diMmapbL, + dyipo, (15)

We assume that the ratio of the thickness of the growth of the
perovskite layer and the thickness of Pbl, reacted, d4/dy, is constant.
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Fig. 3 Schematic diagram of the measurement procedures for determining the thick-

ness of growth of the perovskite layer

Table 4 Thickness of Pbl, and perovskite films for the five
groups

Group Types of films Reaction time (min)  Thickness (nm)
0 Pure Pbl, 0 212.70
1 Pbl, and perovskite film 180 382.68
2 Pbl, and perovskite film 240 429.21
3 Pbl, and perovskite film 300 471.70
4 perovskite film >600 531.09

Table 5 Thickness of growth perovskite layer at different
reaction times

Reaction time Thickness of growth

Group Types of films (min) perovskite film (nm)
1 Pbl, and perovskite 180 283.53
film
2 Pbl, and perovskite 240 361.15
film
3 Pbl, and perovskite 300 432.02
film

So, at the time ¢, the thickness of the perovskite layer is equal to the
thickness of the reacted Pbl, multiplied by this ratio. Then, we can
have the following equation:

d,
dimapol; = (do — dt,Pblz)zz (16)

The thicknesses dy, d;, and d, are measured, and the thickness of
the perovskite layer, d; mapor,, 1S calculated as follows:
dy — dy
di — dy

Sharp tweezers are used to remove steps in the five films, and
then a surface profile measurement system is used to measure the

dimapol;, = da (17)
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thicknesses of each of the five films. The measured thicknesses
are presented in Table 4. Finally, the thicknesses of the grown
perovskite layers are calculated by Eq. (17), and the results are pre-
sented in Table 5.

By using Egs. (12) and (13) and the results presented in Table 5,
the constants A and B are found to be 1298 and 41.551, respectively.
One thing that should be noticed here is that the value of the two
constants will be different if one uses different dimensions or the
operating conditions are different. The diffusion coefficient of
MALI vapor through the perovskite layer under the operating condi-
tions can be computed through Eq. (13) as 1.58 x 10~'" m?/s, which
is a reasonable value for 6gas diffusing in solid. The pre-exponential
factor A, is 1.93 x 10'°, which is near the value used by Wang
et al. [31], that is, 9x 10" Figure 4(a) shows the thickness of
the perovskite layer over time as calculated by Eq. (13) using the
above values for diffusivity and pre-exponential factor from the
experimental measurements. We can see that the experimental
points lie on the theoretical model curve perfectly. Figure 4(b)
shows the growth of thickness of the perovskite layer over time cal-
culated by Eq. (13) and by numerical simulation. They agree well.
We also tried to directly fit the experimental points with our numer-
ical simulation. The value of the diffusion coefficient backed out
from that analysis is 1.3x 107"!. Tt is suitably close to the value
computed from the analytical model presented earlier. The differ-
ence may come from the following: (1) the pressure and concentra-
tion calculated by the numerical simulation may be slightly different
from that we used in the theoretical model; (2) the mass transfer
coefficient in the gas phase calculated by numerical simulation
may be different from that we used in the theoretical model; and
(3) there may be errors caused by the calculation method in the
numerical simulation.

3 Results and Discussion

Figure 5 shows the average surface deposition rate and thickness
of MAPbIj; layer on the substrates over time for all the cases. For
each case, the surface deposition rate first increases and then
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Fig. 4 Comparison of the growth of thickness over time: (a) theoretical and experimental results and (b) theo-

retical and numerical results
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Fig. 5 Averaged surface deposition rate and thickness of
MAPDI; layer on the substrate over time for cases 1-6

becomes more stable with a mild drop. That is because at the begin-
ning of the simulation, the reaction plenum is filled with N,, and
MALI vapor is introduced through the inlets. With time, more
MAI molecules reach the substrates and react with the Pbl, on
the surface. The molecular concentration of MAI on the substrate
surface increases with time, leading to the increasing surface
deposition rate. After the N, becomes purged from the plenum,
the rate of MAI concentration on the surface decreases and finally
becomes stable. This is the point when the concentration of MAI
for surface deposition becomes stable. However, with the continu-
ing of the reaction, the thickness of the perovskite layer increases
and the surface deposition rate decreases since the MAI molecules
must diffuse through the perovskite layer to react with the Pbl,.
Therefore, the surface deposition rate drops regularly with time
after all the N, is purged. Comparing cases 1-4, we can see that
the surface deposition of case 4 increases most rapidly, and case
1 increases most slowly. Cases 2 and 3 have almost the same
surface deposition rate. Therefore, the thickness of case 4 is
larger than those of cases 1-3 during the period simulated
(1000 s). This leads to a lower surface deposition rate of case 1
after the molecular concentration of MAI becomes stable in the
plenum, which is hard to see in Fig. 6 as the thickness differences
are small. The turning point of the SDR curve for case 4 appears
earlier than for cases 2 and 3, and the turning points of the SDR
curves for cases 2 and 3 appear earlier than for case 1, which
means that case 1 can purge the N, from the plenum more
quickly than cases 2 and 3 can, and cases 2 and 3 can purge the
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N from the plenum quicker than case 1 can. Comparing cases 4—
6, we can see that the surface deposition of case 4 increases the
fastest, and case 6 increases the slowest. This is because case 4
has three MAI inlets, while case 5 has two MAI inlets and case 6
has one MAI inlet. Case 4 has higher mass flowrate of MAI than
cases 5 and 6, and therefore, case 4 has a higher surface deposition
rate at the times before the N, is purged. Also, we can see that the
turning point of the SDR curve for case 5 appears earlier than that
for case 1, which means that adding screens can help purge the N,
and the consumption of MAI is reduced.

Figure 6 shows the surface deposition rate distributions on the left
substrate for cases 1-6 at 80 s and 320 s. When #=80 s, a compar-
ison of cases 1-4, we can see that case 4 has the highest surface
deposition rate, while case 1 has the lowest. Cases 2 and 3 have
similar surface deposition rates. This shows that adding screens
helps in purging the N, more quickly and brings more MAI to
the substrate. Comparing cases 4-6, we can see that case 4 has
the highest surface deposition rate and case 6 has the lowest. For
case 5, the surface deposition rate on the left is higher than that
on the right, while for case 6, the surface deposition rate on the
right is higher than that on the left. This is because case 5 has
inlets 1 and 3 open, and case 6 has only inlet 2 open. The left
side of the substrate of case 5 is closer to the MAI inlet, while the
right side of the substrate of case 6 is closer to the MAI inlet.
This means that the MAI vapor flow is highly influenced by the
geometry. When t=320s, most of the N, has already been
purged, and the differences in the surface deposition rate between
different cases become smaller. All the cases, including cases 5
and 6, show a uniform distribution of the surface deposition rate
on the substrate.

To analyze the uniformity of the surface deposition rate on the
substrate, we define a new parameter called surface deposition
rate deviation to show the deviation of the local surface deposition
rate (SDR) from the averaged value (SDR), as follows:

SDRD = SDR — SDR (18)
SDR

Figure 7 shows the surface deposition rate deviations on the left
substrate for cases 1-6 at 80 s and 320 s. When 7= 80 s, comparing
cases 1-4, we can see that case 4 has the most uniform surface
deposition rate distribution. Cases 2 and 3 have similar uniformity.
Case 1 is the least uniform. Comparing cases 4—6, we can see that
cases 5 and 6 have poor uniformity of the surface deposition rate,
because the molecular concentration of MAI is higher near the
mass flow inlets. When #=320 s, the surface deposition rate devia-
tion becomes very small for all the cases, as most of N, has been
purged out.
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Fig. 6 Surface deposition rate distributions on the left substrate for cases 1-6 at (a) t =80s and

(b) t=320s
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Fig. 7 Surface deposition rate deviations on the left substrate for cases 1-6 at (a) t=80s and
(b) t=320s

Figure 8 shows contours of pressure and streamlines for cases 1-6  middle inlet (inlet 2). The distribution of the streamlines below the
at t=80s. From cases 1-4, we can see the influence of adding screen is also influenced. For case 3, the pressure drop occurs on
screens. For case 2, there is a pressure drop on the upper screen the lower screen (screen 2), and the distribution of streamlines is
(screen 1), and the streamlines of MAI are forced to distribute  more uniform above the screen, compared with case 1, especially
more uniformly across the screen, especially for the MAI from the  for the MAI from the inlets on the left and right (inlets 1 and 3).

P(mTorr):
0.6 0.64 0.68 0.72 0.76 0.8

Fig. 8 Contours of pressure and streamlines for cases 1-6 att=80s

Case 1 Case 2 Case 3
Case 4 Case 5 Case 6

Fig. 9 Contours of molecular fraction of MAI for cases 1-6 att=80s
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After adding both screens, like case 4, we can see that the streamlines
between the two screens are more uniform than in cases 1-3, which
will make the MAI concentration distribution on the substrate more
uniform. This explains why case 4 has a more uniform surface
deposition rate than other cases. As for cases 5 and 6, the distribution
of MAI concentration on the substrates is not as uniform as in cases
1-4, but we can see that most of the streamlines will pass the sub-
strates, while for cases 1-4, most of the MAI from the middle inlet
flows directly out through the middle outlet. This explains why
cases 5 and 6 have more than 2/3 and 1/3 of the surface deposition
rate, respectively, with only 2/3 and 1/3 of the mass flowrate of
case 4.

Figure 9 shows contours of mole fraction of MAI for cases 1-6 at
t=280s. Comparing cases 1-4, we can see that case 4 has the
highest mole fraction of MAI, while case 1 has the lowest, and
cases 2 and 3 have similar mole fraction values. This explains
why case 4 has a higher surface deposition rate than the other
cases at the same time. This is due to the screens that make the
MALI vapor flow more uniform in the plenum, and then, the N,
near the wall and in the corner can be mixed with MAI vapor and
purged out more efficiently than in case 1 (without screens). Case
5 has a lower mole fraction of MAI in the middle part, while case
6 has a higher mole fraction of MAI in the middle part. Therefore,
on the left substrate, the surface deposition rate of case 5 increases
from left to right, while the surface deposition rate of case 6
decreases from left to right, as shown in Fig. 6(a).

4 Conclusions

A numerical model is established to simulate the vapor deposi-
tion process in the fabrication of a perovskite solar cell. The diffu-
sion process of MAI vapor through the growing perovskite layer is
part of the analysis. It employs a diffusion coefficient calculated
from measurements of the growth of a perovskite layer in a deposi-
tion cell that is the same as the one analyzed. To the authors’ knowl-
edge, this is the first evaluation of diffusivity of MAI through the
perovskite used herein. The simulation of the vapor deposition
chamber is used to improve the deposition process. One feature is
the use of screens. Their influence when positioned at various loca-
tions in the plenum is analyzed. The influences of inlets and outlets,
numbers, and locations, are also quantified. The following conclu-
sions are presented:

(1) In the vapor deposition process of a perovskite solar cell, the
overall surface deposition rate will first increase, as the MAI
concentration increases in the plenum. After N, is purged,
the MAI concentration becomes stable within the plenum,
but the surface deposition rate will decline with time
because of the increasing thickness of the perovskite layer
making the diffusion process slow.

(2) Adding screens makes the MAI vapor flow more uniform in
the plenum and quickens the purge rate of N, precursor gas,
leading to higher and more uniform surface deposition rate in
the early part of the vapor deposition process.

(3) The flow of MAI vapor has a very low Reynolds number, and
the flow is highly influenced by the geometry. Therefore, the
effects of geometry of the reaction plenum, including the
number and locations of MAI inlets, substrates, and outlets
should be well understood toward achieving a design that
gives a uniform and controlled surface deposition rate of
the perovskite layer.
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High-Performance Perovskite
Solar Cells Fabricated by a Hybrid
Physical-Chemical Vapor
Deposition

For the first time, we used a hybrid physical-chemical vapor deposition (HPCVD) method
to fabricate perovskite solar cells (PSCs) based on perovskite films with both organic
cations and halogen anions. A high power conversion efficiency (PCE) of 18.1% was
achieved based on a mixed perovskite film of MAFA;_.Pb (I,Br;_,); and the efficiency
of the PSCs with MAPbI; and MA,FA;_Pbl; films were 14.5% and 16.4%, respectively.
Perovskite material components and bandgaps were precisely tuned to achieve high photo-
electric conversion performance. Three different types of perovskite films employed include
MAPbBI;, MAFA;_.Pbls, and MA.FA;_Pb (I,Br;_,); (which are also designated as
MAPbI3, MAo_ggFAg_]]PbI3, and MAO_54FAO_45P17 (10_943}”0_06)3 with the respective bandgapv
of 1.60 eV, 1.58 eV, and 1.61 eV. The experimental results demonstrate the ability to fabri-
cate both organic cation and halogen anion mixed perovskite films by the HPCVD method
and achieve easily adjustable bandgaps. In addition, the perovskite films fabricated by
HPCVD have superior surface morphology, large crystal size, and low surface roughness.
Eventually, this vapor-based method will have great potential in the fabrication of large-
area and flexible PSCs to promote commercial application and industrialization of future
PSCs. [DOI: 10.1115/1.4049326]

Keywords: perovskite solar cells, hybrid physical-chemical vapor deposition, mixed
perovskite films, adjustable bandgap, energy, photovoltaics, solar
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Introduction

In the last decade, solar cells based on inorganic—organic perov-
skite material have attracted significant research interest as a prom-
ising renewable energy technology [1]. The power conversion
efficiency (PCE) of the perovskite solar cells (PSCs) has surged
from 3.8% [2] to 25.2% [1] since it was first reported in 2009 [2].
The certificated PCE of PSCs has improved more than any other
types of single junction solar cells, such as the CIGS (23.4%),
CdTe (22.1%), and the multi-crystalline silicon solar cells
(22.3%) [1]. Only the single crystal silicon solar cells (26.1%)
and single crystal GaAs solar cells (27.8%) boast higher PCEs
[1]. To broaden the PSCs applications in the future, it is critical
to develop fabrication methods for high-performance PSCs that
can be manufactured at a high deposition rate.

Compared with other commercially available inorganic solar
cells, one of the excellent properties of hybrid inorganic—organic
perovskite is that its components can be tuned in a larger number
of ways. Superior performance can be easily achieved just by mod-
ifying organic cations or halogen anion components. A typical
perovskite’s formula is AMXj, in which A represents the organic
cation such as methylammonium (MA, CH;NH;3I) and formamidi-
nium (FA, CH(NH,),), M represents the metal cation such as lead
(Pb) and tin (Sn), and X represents the halogen anion including
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chlorine (Cl), bromine (Br), and iodine (I) [3]. For example, com-
pared with the intensively investigated MAPbI;, mixed perovskite
films (MA,FA;_Pb (I,Br;_,)3) can be synthesized by mixing
organic cations and halogen anion components. Theoretically, the
optimal bandgap of the light absorption film for solar cells is
about 1.4 eV at which the highest PCE could be achieved is 33%
[4]. However, the bandgap of MAPbDI; is about 1.57 eV, which is
much larger than the optimal bandgap of 1.4 eV. Larger bandgap
can lead to narrower wavelength light absorption [5,6]. By modify-
ing the perovskite material’s components, the perovskite film’s
bandgap can be readily adjusted. For the MA,FA,_,Pb (I,Br;_,)3
film, a wide bandgap in the 1.48-2.23 eV range can be achieved
by tuning the percentage of organic cations and halogen anions
[5]. Up to now, most of the PSCs reported with PCE values
larger than 20% are based on mixed perovskite layers [7-11]. Addi-
tionally, the performance of PSCs with mixed perovskite films con-
taining the FA group show improved thermal stability and crystal
phase stability with lower hysteresis [12—14]. Furthermore,
surface morphology can be improved, and the defects can be
reduced by introducing Br™ into the perovskite film [12,15,16].
Zhu’s group shows that MAPDI; films with some Br incorporation
have large crystals with micrometer size, and no pinholes [16]. By
using admittance spectroscopy, Yang et al. showed that Br~ ions
introduced into perovskite material to partially replace I” ions can
decrease trap state densities to improve PSCs’ performance [15].
The quality of perovskite films is a critical factor in determining
the efficiency of PSCs, which is greatly affected by the fabrication
methods used to synthesize perovskite films [17,18]. Fabrication
methods for perovskite films can be categorized into two groups:
solution-based methods (“wet”) [19,20] and vapor-based methods
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(“dry”) [21-23]. In certain cases, solution-based methods can also
be applied in a few steps or in combination with vapor-based
methods to synthesize perovskite films [24,25]. Currently, the
solution-based method to synthesize perovskite films has the fol-
lowing apparent advantages: low cost and a modest requirement
for fabrication facility [17,26]. Various modified solution methods
have been developed to precisely control the crystalline process
and nearly all the PSCs with PCE over 20% are fabricated by
these methods [27-29]. For instance, vapor or antisolvent is used
in the spin coating process to increase the crystalline process
while increasing evaporation of solution. Jeon et al. were first
reported to use the antisolvent method to fabricate extremely
uniform and dense perovskite layers [30]. By this method, the
PSCs based on the above perovskite layer also obtained a high effi-
ciency of 16.2%. By optimizing the whole spin coating process
using antisolvent, Singh and Miyasaka obtained PSCs with repro-
ducible PCEs up to 20.8% [31]. The fabrication process of the
solution-based methods that can achieve high efficiency is still
quite complex, as reported in the abovementioned published
paper. In addition, various process parameters must be precisely
controlled to promote their application in the fabrication of
large-area solar cells with industrial production.

Though vapor-based methods are not as widely used as solution-
based methods, several vapor-based methods have been thoroughly
investigated. The first reported method used the dual source evapo-
ration method, which was introduced by Liu et al. [21]. Two precur-
sors, including CH3;NH;lI and PbCl,, were evaporated at the same
time to react into the perovskite film within dual source evaporation
equipment. By this method, a higher efficiency of 15.4% was
achieved. Additionally, the vapor-assistant solution process [23]
and hybrid chemical vapor deposition [32] were developed for
the synthesis of perovskite films. In our previously published
papers, we developed a hybrid physical-chemical vapor deposition
method (HPCVD) to fabricate high-quality and uniform CH3;NH;.
Pbl; films [33]. Meanwhile, the detailed working mechanisms
were thoroughly investigated [33,34]. The fabricated CH;NH3Pbl;
films were of high quality at a fabrication temperature of only 73 °C
[33]. The resulting PSCs achieved a high PCE of up to 14.7% and
were highly stable. In a subsequent work, the HPCVD process
parameters, such as growth temperature, vapor pressure, vapor
atmosphere, and the guiding airflow in the HPCVD process were
precisely controlled [18]. The fabricated PSCs based on CH3NH;.
Pbl; films achieved a higher PCE up to 15.5%. Several research
groups have since used vapor-based methods to fabricate mixed
perovskite films. Chen et al. introduced a low-pressure, vapor-
assisted solution process to fabricate FA,MA,_,Pbl; based PSCs
[35]. The FA,MA,_,Pbl; films were obtained by mixing a series
of MAI and FAI powders with different mass ratios in the CVD

(@

Spiro-OMeTAD

300 nm

process. Subsequently, a high efficiency of 16.48% was achieved
when the mass ratio of MAI to FAI was 4:6 [35]. Jiang et al. dem-
onstrated a way to fabricate PSCs based on a Cs,FA,_,Pbl; film. A
solution-assisted vapor method and cation exchange method were
combined in their work [36]. The FAPbI; films were initially fabri-
cated by a solution-assisted vapor method and then immersed in a
CsCH3COO/IPA solution to get the Cs,FA;_,Pbl; film. A high
PCE of 15.0% was achieved by this method. Zhu et al. used a
vacuum co-evaporation deposition method to deposit PbCl, and
CsCl at the same time in the first step [37]. Then, the PbCl, and
CsCl film were placed on a layer of MAI powder heated to
150 °C for 20 min. By this method, the fabricated PSCs obtained
a high PCE of 20.13% [37]. Thus far, mixed perovskite films
with halogen anions fabricated by the vapor-based method have
not been reported.

In this paper, for the first time, a vapor-based method is used to
fabricate mixed PSCs based on both organic cations and halogen
anions. The components and bandgaps of perovskite materials fab-
ricated by the HPCVD method are precisely adjusted to achieve
high photoelectric conversion performance. The three types of fab-
ricated perovskite material can be described as MAPbl;, MAg g9
FAO‘”PbI:;, and MA0'54FA0'46Pb (10‘94Br0'06)3. The bandgap of
the three kinds of perovskite material are 1.60 eV, 1.58 eV, and
1.61 eV, respectively. The PCEs of the PSCs based on the three
types of perovskite films (MAFA;_Pb (I,Br,_,);, MAFA,_,
Pbl;, and MAPbI;) are 18.1%, 16.4%, and 14.5%, respectively.
The experimental results demonstrate the feasibility of fabricating
both organic cation and halogen anion mixed perovskite films by
the HPCVD method. Adjustable components and bandgaps of the
mixed MAFA,_Pb (I,Br;_,); films can be easily achieved. Ulti-
mately, this vapor-based method has great potential for fabrication
of large-area and flexible PSCs. It will help to promote the commer-
cial application and industrialization of future PSCs.

Experimental Methods

The fabricated PSCs are composed of a planar structure of glass/
FTO/TiO,/perovskite film/Spiro-OMeTAD/Au. The cross-sectional
SEM image of the perovskite solar cell based on MAPbI; film is
shown in Fig. 1(a). A three-dimensional schematic of the perovskite
solar cell device architecture is shown in Fig. 1(b), including the
patterns of the gold electrode and etched FTO. The treatment for
FTO glass and the fabrication process for TiO, are the same as in
our previous work [18]. The difference is the fabrication pro-
cess of the perovskite films. The perovskite films are MAPbI;,
MA,FA,_/Pbl3, and MA,FA,_Pb (I,Br,_,); for different types
of PSCs. Details of the fabrication process by the HPCVD

(b)

D

Fig.1 (a) Cross-sectional SEM image and (b) schematic device architecture of the perovskite solar cells with a planar structure of

FTO/TiO,/MAPbI;/Spiro-OMeTAD/Au
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method are shown in Fig. 2. In the fabrication process of a perov-
skite film, a Pbl, film was first deposited on the TiO,/FTO/glass
substrates by spin coating a 1.3 mol/l Pbl, precursor solution. For
the precursor solution, Pbl, powder was completely dissolved
into a mixed solution of N,N-dimethylformamide (DMF, Sigma)
and dimethyl sulfoxide (DMSO, Sigma). The volume ratio of
DMF to DMSO was 95%:5%. The spin coating process is shown
in the left of Fig. 2(a). A speed of 2500 rpm was applied for 60 s.
Next, the Pbl, films were annealed for 60 s at a temperature of
70 °C, as shown in the right of Fig. 2(a). The growth process of
perovskite material is different for different types of perovskite
films. For the MAPbI; film shown in Fig. 2(b), the Pbl, films and
MAI powder were put into the CVD tube. The reaction time and
growth temperature were set at 420 min and 110 °C. For the
MA,FA,_,Pbl; film shown in Fig. 2(c), the Pbl, substrates were
combined with MAI and FAI mixed powders with a mass ratio of
0.5:0.5 and were put into the CVD tube. The reaction time and
growth temperature were set at 30 min and 160 °C. Lastly, for the
MAFA,_Pb (I,Br;_,); film shown in Fig. 2(d), the Pbl, films
were combined with MABr and FAI powder with a mass ratio of
0.05: 0.95 and were put into the CVD tube. The reaction time
and growth temperature were set at 420 min and 115 °C. In the
CVD process, the tube was first pumped down to 20 mTorr by
running a mechanical pump during the preheating process. When
the temperature came to the set growth temperature, the mechanical
pump was shut down to make sure that the evaporated MAI,
MABTI, or FAI vapor reacted with the whole Pbl, film. Then, a
Spiro-OMeTAD (Lumtech, Taiwan) film was coated on the perov-
skite film by spin coating at 6000 rpm as our previous work [18].
Finally, a thermal evaporation (SKY Technology Development
Co. Ltd., Chinese Academy of Science, China) was used to
deposit a gold layer 70 nm thick on the Spiro-OMeTAD film as
the electrode. For the first 10 nm, the evaporated rate was 0.2 A/s,
and then was 0.8 A/s for the next 60 nm. The patterns of the gold
electrode were formed by using a stainless steel shadow mask in
the evaporation process.

Surface morphology of perovskite films was characterized by a
field-emission scanning electron microscope (FE-SEM, Zeiss
Merlin, Germany). The crystalline phase and structure were charac-
terized by X-ray diffraction (XRD) equipment. The X-ray photo-
electron spectroscopy (XPS) spectrum of the three different types
of perovskite films were characterized by PHI Quantera II. A UV/
Vis Spectrophotometer (LAMBDA 950, PerkinElmer) was used
to measure the absorption spectrum of the three types of perovskite
films. An atomic force microscope (MFP-3D OriginTM, Oxford
Instrument) was used to characterize the surface morphology and
measure the surface roughness of the Pbl, and perovskite films.
The current density—voltage (J-V) curves were measured by a semi-
conductor Device Parameter Analyzer (B1500A, Keysight, Santa

Rosa, CA). AM 1.5 illumination light was provided by a Newport
ABB (94021A, Irvine, CA) solar simulator. A mono-silicon refer-
ence cell (Newport calibration cert, #0702, Irvine, CA) was used
to calibrate the intensity of the illumination light. A stainless steel
mask with an area of 9 mm? was used to measure the real active
area of the PSCs. The voltage scanning parameters were set from
—0.1 Vto 1.2V, with a step of 50 mV and a delay time of 50 ms.

Results and Discussion

In this work, we successfully fabricated two kinds of mixed per-
ovskite films, MA,FA,_Pbl; and MAFA,_Pb (I,Br,_,);, by
using the HPCVD method for the first time. Simultaneously, we
fabricated an MAPbI; film for comparison. For mixed perovskite
films fabricated by solution-based methods, the element ratio of
the film can be calculated by the ratio between different reactants
[12,38]. With the vapor-based method, it is very difficult to
measure the reaction rate precisely in a vacuum tube. Therefore,
an accurate percentage ratio of the mixed perovskite film’s compo-
nents is measured by XPS, as well as XRD. The element compo-
nents and distributions are shown in Fig. 3. The apparent Pb 4f, I
3d, and Br 3d characteristic peaks are used as references to
analyze the ratio of different elements in the mixed perovskite
films. First, Br 3d peaks, only, appear in the XPS spectrum of the
MA,FA,_/Pb (I,Br,_,); film, as shown in Fig. 3(c). This demon-
strates that the grown perovskite film fabricated by the HPCVD
method with mixed MABr and FAI powder in the quartz tube con-
tained Br ions. In addition, the grown perovskite films are halogen
anion mixed perovskite films. Then, accurate ratios between organic
cations or halogen anions were calculated by the XPS results in
which a corrected relative sensitivity factor had already been
applied to each element, as shown in Table 1. We can use the
ratio between N and Pb to accurately calculate the ratio of MA
and FA. Theoretically, each MA (CH3NH3) molecule contains
one N atom and each FA (CH(NH,),) contains two N atoms. As
shown in Table 1, for the MAPbI; film without another organic
cation, the measured ratio of N to Pb is 0.99, which is very close
to the theoretical value of unity. Thus, this method is valid. Then
we used this method to calculate the ratio of MA and FA cation
in the MA,FA;_,Pbl; and MA,FA,_,Pb (I,Br,_,); films. As
shown in Table 1, the value of x in MA,FA_Pbl; is 0.89 and the
perovskite films can be derived as MAg goFA 11Pbl;. The value
of x in the MAFA,_,Pb (I,Br,_,); is 0.54 and the perovskite
films can be derived as MAg 54FAq 46Pb (I,Br;_,)s. The ratio of I
and Br can be directly obtained from Table 1. For the MA,FA, _,
Pb (I,Br,_,); film, the value of y is 0.94 and MA,FA,_.Pb (I,Br;_,);
can be derived as MA,FA|_Pb (Ip94Brooe)s. In summary, the
three types of perovskite films, MAPbl;, MA,FA,_,Pbl;, and
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Fig. 2 Schematic diagram of the fabrication process for three different types of perovskite films (MAPbI;, MAFA,_,Pbl;, and
MA,FA,_.Pb (I,Br;_,);) by the HPCVD method: (a) fabrication of PBI, film, (b) growth of MAPDbI; film by CVD method, (c) growth
of MA,FA,_,Pbl; film by CVD method, and (d) growth of MA,FA,_,Pb (I,Br;_,); film by CVD method
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Fig.3 XPS spectra of the three different types of perovskite films, MAPbl;, MA,FA,_,Pbl;, and MA,FA,_,Pb (I,Br,_,); fabricated by
the HPCVD method: (a) Pb 4f peak region, (b) | 3d peak region, and (c) Br 3d peak region

Table 1 Quantitative analysis of the atomic concentration of
MA,FA,_Pb (I,Bri_,); film by XPS with normalized Pb
concentration

Perovskite film N 1s Br 3d 13d5 Pb 4f
MAPbI, 0.99 0 2.84 1
MA,FA _Pbl; 1.11 0 2.77 1
MA,FA,_Pb (I,Br,_,); 1.46 0.16 2.70 1

MAXFAI_XPb (I),Brl_y)3, can be derived as MAPbI3, MA()_ggFA()_ll
PbI3, and MAOA54FA0A46Pb (IOA94BrOA06)3~ In addition, from the XPS
data for the three different kinds of perovskite films, as shown in
Table 1, the ratios of Pb and anion (halogen ion) for the films are
1:2.84, 1:2.77, and 1:2.86. The three values are all close to but
not exactly the theoretical value of 1:3. From the XRD results
shown in Fig. 4, there is no Pbl, residual in the three different
kinds of perovskite films. We can conclude that the error regarding
the ratio of Pb and halogen anions did not come from the Pbl, resi-
dual. The reasons could be attributed to the XPS measurement
process, the precision of the fitting process, decomposition of
perovskite film, or possible diffusion of iodine in the perovskite
material.

For the MAg 54FA(.46Pb (I9.94B1g 06)3 film, the reactants include
Pbl,, FAI, and MABrt. Therefore, if one MABr molecule or FAI
molecule is fully involved in the reaction, the ratio of MA and Br
and the ratio of FA and I, excluding the I ions coming from Pbl,,
should be 1:1. However, the value we obtained from the XPS

4 Perovskite
* Pbl,

¢
¢
| . 2 S +0

A
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LA y VR
MA FA, Pbly/TiO,/FTO/Glas{

Intensity

l A A A
%
J MAPDI,/TiO,/FTO/Glass|
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Fig. 4 XRD patterns of different types of films on TiO,/FTO/

glass, including Pbl,, MAPbDI;, MA,FA,_,Pbl;, and MA,FA,_,Pb
(IyBr1—y)3
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measurement regarding the ratio of MA to Br is 3:1 and the value
for the ratio of FA to I, excluding the I ions coming from Pbl,, is
0.56:1. Neither were equal to the ratio in the reactants involved in
the reaction. This suggests that there was a displacement reaction
between different halogen ions in the CVD process. In addition,
FA, MA, 1, and Br ions were likely to be separately involved in
the reaction, even though we used FAI and MABEr as the reactants.
To more precisely control the ratio between different ions in mixed
MA,FA,_,Pb (I,Br,_,); films, more reactants, such as MAI and
FABr, should be used in addition to FAI and MABr. Also, more
reaction parameters, including temperature, vacuum level, and
gas atmosphere should be optimized to achieve MA,FA,_,Pb
(I,Br,_,); films with various sets of values for x and y. Further
research is currently underway in our lab.

The bandgap of the mixed perovskite films fabricated by HPCVD
were successfully adjusted by varying the reactant in the CVD
process. The absorption spectrums of the three different types of
perovskite films, including MAPbI;, MA,FA,_,Pbl;, and
MA FA,_/Pb (I,Br,_,);, are shown in Fig. 5(a). From Fig. 5, we
find that the MA,FA,_,Pbl; film has the highest absorbance inten-
sity and the widest absorbance spectrum, followed by the MAPbI;
film and the MA,FA,_,Pb (I,Br,_,); film, which has the narrowest
absorbance spectrum. The bandgaps are estimated by using the
absorption spectrums between 750 nm to 800 nm around the
cutoff interval shown in Fig. 5(b). The MA,FA;_,Pb (I,Br,_,);
film had the largest bandgap with a value about 1.61 eV, com-
pared with 1.60 eV for the MAPbI; film and 1.58 eV for the
MA,FA,_,Pbl; film. The values may have some differences with
the results obtained in the published results [5], but the trend is con-
sistent with the reported results. Adjustable bandgaps of perovskite
films fabricated by the HPCVD method can be achieved and the
efficiency of PSCs based on the above films can be further
optimized.

High performance PSCs were obtained based on the mixed perov-
skite films fabricated by HPCVD. The current density—voltage
(J-V) curves of the highest efficiency of each of the PSCs with differ-
ent types of perovskite films are shown in Fig. 6(a). Parameter values
of these three kinds of PSCs, including PCE, short circuit current
density (Jy.), open circuit voltage (V,.), and fill factor (FF), are
shown in Table 2. For the PSCs based on MAPbI;, MA ,FA,_,Pbl;
and MA,FA,_,Pb (I,Br;_,); films, PCE values of 14.5%, 16.4%,
and 18.1% were obtained, respectively. Presented are PSCs based
on each kind of perovskite film fabricated and measured. There are
14 perovskite solar cells for each of the three types. The
sample-average PCE values for the three kinds of PSCs increased
from 13.4% to 15.6% and 16.8%, as shown in Table 2. The efficiency
distributions and performance parameters of the three kinds of PSCs
are separately shown in Figs. 6(b) and 6(c).

Figure 6 shows that PSCs based on the MA,FA;_,Pbl; have the
highest short circuit current density (J,.), about 23.3 mA/cm? for the
champion solar cell. The reason can be attributed to its bandgap,
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Fig.5 (a)Absorbance spectrum of the three different types of perovskite films, MAPbI;, MA,FA,_,Pbl;, and MA,FA,_,
Pb (I,Br;_y)s, with wavelengths between 500 nm and 850 nm. (b) Derived bandgap of the three different types of perov-
skite films, MAPblI; (1.60 eV), MA,FA,_,Pbl; (1.58 eV), and MA,FA,_,Pb (I,Br,_,); (1.61 eV), from the absorbance spec-

trum around the maximum light absorption wavelength.

which is the lowest, allowing it to absorb the widest spectrum, as
noted above in Fig. 5. In addition, the top view SEM images of dif-
ferent types of perovskite films, MAPbl;, MA,FA,_,Pbl;, and
MA,FA,_,Pb (I,Br;_,); are shown in Fig. 7. From the SEM
images, we can see that the morphology of the MA ,FA,_,Pbl;
film is the most uniform. In addition, the MA,FA,_,Pbl; films
have the largest crystal size, which means that there are few grain
boundary defects in the perovskite film, which is beneficial to the
Jse. Additionally, some reports state that MA,FA_,Pbl; films had
enhanced crystallinity after FA ions incorporate into the MAPbI;
crystal structure, which has a positive effect on J. [15]. Further-
more, as shown in Fig. 5(b), the MA,FA,_,Pb (I,Br,_,); film has
a larger bandgap than the MAPbI; film, which means that the

(@ (c)

former can accommodate a narrower spectrum. However, the Jg
of PSCs based on MA,FA_,Pb (I,Br;_,); film with the highest effi-
ciency is larger than that based on MAPbI; film, 22.0 mA/cm? for
the former and 21.3 mA/cm? for the latter. So were the average
Jy. values; the former was 21.5 mA/cm?® and the latter was for
20.8 mA/cm?>. The reason could be due to the Br ion, which can
obviously decrease the defects in the perovskite films, as noted in
the published results [15]. Jen’s group showed that Br incorporated
into a perovskite film can reduce the Pby antisites and help improve
iodine-poor conditions. At the same time, they demonstrated that Br
incorporated into the perovskite film can reduce the number of deep
trap states coming from the defects or grain boundaries [15,39] in
the perovskite material. In summary, compared with the other two
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Table 2 Statistics of PSCs based on three different types of
perovskite films including MAPbDbI;, MA,FA,_Pbl;, and
MA,FA,_.Pb (I,Br;_,); fabricated by the HPCVD method

PCE  J.(mA/ V.

Perovskite Types (%) sz) V) FF
MAPDI; Maximum 14.5 21.3 1.02  0.67
MAPDI; Mean 13.4 20.8 0.98 0.66
MA FA,_Pbl; Maximum 16.4 23.3 0.94 0.75
MA FA,_,Pbl; Mean 15.6 224 095 0.73
MAFA,_Pb (I,Br,_,); Maximum 18.1 22.0 1.06  0.78
MAFA,_Pb (I,Br,_,); Mean 16.8 21.5 1.04 0.75

kinds of perovskite films, the MAFA,_,Pb (I,Br;_,); film has the
largest bandgap and the narrowest absorption spectrum, as shown in
Fig. 5. In addition, the MA,FA_,Pb (I,Br;_,); film has the worst
surface morphology and smallest crystal size, as shown in Fig. 7.
Despite this, the PSCs based on a MA,FA;_,Pb (I,Br,_,); film
can still have a high J. value.

For the V., PSCs based on a MA,FA,_,Pb (I,Br, _,); film have a
high value of 1.06 V for the best performance solar cell and a value
of 1.04 V for the average. The value for the PSCs based on an
MA,FA,_,Pbl; film is 0.94 V for the champion solar cell and
0.95 V for average. Lastly, the value for the PSCs based on an
MAPDI; film is 1.02 V for the champion solar cell and 0.98 V for
average. The most important reason may be the difference
between energy bands for each kind of perovskite film, as shown
in Fig. 5(b). The MA,FA,_,Pb (I,Br;_,); film has the largest V.
value at 1.61 eV, compared with 1.60 eV for MAPbI; film and
1.58 eV for the MA,FA,_/Pbl; film. This trend corresponds to
the trend of V. in our experimental results.

Another phenomenon observed in our experimental results is that
the fill factor (FF) has a huge improvement over those fabricated as
mixed perovskite films with the HPCVD method. As discussed in
our previous work [18], for the PSCs based on MAPbI; films fab-
ricated by HPCVD method, we can increase the FF by increasing
the spin coating speed of the Pbl,/DMF solution. However, along
with the increased FF, the thickness of the perovskite film
decreases, which leads to a drop in the light absorbance efficiency.
However, in our study, the PSCs with the highest efficiency that are
based on the MA FA,_,Pbl; and MA,FA;_,Pb (I,Br;_,); films can
have a huge FF of 0.75 and 0.78, respectively, without a subsequent
decrease of film thickness. The trend of average FF for three kinds
of PSCs is shown in Fig. 6(c). Compared with the PSCs based on
MAPDI; films, the FFs of the solar cells based on MA,FA,_,Pbl;
films show a major improvement. The reason may be the improved
surface morphology and enhanced crystallization of the MA FA, _,
Pbl; films, as shown in Fig. 7. For the PSCs based on a
MA,FA,_/Pb (I,Br;_,); film, the FF is also further improved.
Another reason may be due to Br ion inserted into the perovskite
film. In addition to the reason mentioned above, Kim et al. had

found that insertion of Br ions into MAPbI; can reduce the potential
barrier at the apparent grain boundary [40]. This can help to
enhance the FF by improving carrier collection while suppressing
recombination.

Also, we conducted detailed research about PSCs based on
MA,FA,_/Pb (I,Br,_,); film to identify the reasons for their excel-
lent performance. A tapping-mode AFM height image of the Pbl,
film, the perovskite (MA,FA,_,Pb (I,Br;_,)3) film and the perov-
skite (MAPDI;) film are shown in Fig. 8. Figure 8(a) shows that
the root-mean-square (RMS) of the surface roughness of the Pbl,/
TiO,/FTO/glass substrate is only 4.4 nm, for an area of 5x5 ym.
Figure 8(b) describes the surface roughness of the MA,FA;_,Pb
(I,Br;_y)3 /TiO,/FTO/glass substrate fabricated by the HPCVD
method. It is only 14.7 nm, for an area of 5x5 pum. This is
smaller than the MAPbI; film fabricated by the same process with
an RMS of 17.4 nm, as shown in Fig. 8(c). In addition, the value
of 14.7nm is also significantly smaller than some published
results [41-43]. The nonuniform surface has many negative
effects on the interface characteristics. First, it would increase the
carrier surface recombination at the interface between the perov-
skite film and the electron/hole transport layers, which would
greatly decrease the performance of the device [42]. In addition,
the nonuniform surface will poorly influence the spin coating
process. For the PSCs fabricated in this paper, the film on the top
of perovskite film was of Spiro-OMeTAD, which also was fabri-
cated by the spin coating method. So, the nonuniform surface
would result in poor quality of the Spiro-OMeTAD film. These
may be the reasons why our PSCs had higher efficiency than
others fabricated by a similar method. However, the perovskite
solar cell with both FA* and Br™ mixed MA,FA,_,Pb (I,Bri_y)3
film had the best performance, with an efficiency of 18.1%, but
with a poorer film quality, as shown in Fig. 7. We speculate that
the growth rate caused by different temperatures during growth in
the CVD process would be one main reason for the different
surface morphologies. Another reason could be due to the different
physical properties, such as boiling point and sublimation rate, of
the different reactants that were used. In addition, more reactants
involved in the reaction would lead to more uncontrollable variables
in the growth process of the perovskite films. Furthermore, the
vapor-based growth of fabricating compositional perovskite films
must be optimized. A method to precisely control the ratio of differ-
ent elements in the MA,FA,_Pb (I,Br;_,); film must be found.
With further improvement, we believe that a higher efficiency of
PSCs based on MA,FA_Pb (I,Br;_,); films will be achieved.

Note that, for a planar structure perovskite solar cell with TiO, as
the electron transport layer, hysteresis is still more pronounced than
with a mesoporous structure or with inverted structure PSCs
[44,45]. As mentioned before, PSCs with a planar structure have
a huge hysteresis, with a PCE of 14.4% for a reverse scan and a
PCE of 9.7% for a forward scan [18]. However, when we used
MA,FA,_/Pb (I,Br,_,); to replace MAPbI; in the PSCs with the
same structure, the hysteresis was vastly reduced. As shown in
Fig. 9, PSCs based on MA,FA,_,Pb (I,Br;_,); films have better

Fig. 7 Top view SEM images of different types of perovskite films, including MAPbI;, MA,FA,_,Pbls, and MA,FA,_,Pb (I,Br,_,);,

from left to right, fabricated by the HPCVD method

041006-6 / Vol. 143, AUGUST 2021
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Fig.8 Tapping-mode AFM height image of the Pbl, film (a) fabricated by spin coating Pbl,/DMF + DMSO (volume ratio is 95:5) solu-
tion with surface roughness of about RMS 4.4 nm, the perovskite (MA,FA,_,Pb (I,Br;_,)s) film, (b) fabricated by the HPCVD method
with surface roughness of about RMS 14.7 nm, and the perovskite (MAPDbI;) film, and (c) fabricated by the HPCVD method with

surface roughness of about RMS 17.4 nm, as a comparison

performance, with a reverse scan: J,. =22.0 mA/em?, V. =1.06 V,
FF=0.78, and PCE=18.1%; and a forward scan: J,.=21.8 mA/
cmz, Voe=1.05V, FF=0.73, and PCE=16.6%. It is believed
that ion (or defect) migration is closely related to hysteresis in
PSCs, as well as the bulk or surface defects and ferroelectric prop-
erties of perovskite [44]. One reason why the hysteresis was greatly
improved may be explained by the different perovskite composi-
tions that can lead to different iodide defects and ion migration bar-
riers. Oranskaia et al. found that PSCs based on FA-containing
perovskite films have smaller hysteresis characteristics than those
based on MA-containing perovskite films, because of the higher
activation energy barrier of the FA-containing perovskite film
[46]. Another reason why PSCs based on MA,FA;_Pb (I,Br;_,);
films have smaller hysteresis characteristics can be attributed to a
decrease of the bulk or surface defects in perovskite films caused
by the insertion of FA and Br ions into MAPbI;, as noted above
[44]. However, the hysteresis in our PSCs based on MA,FA,_,Pb
(I,Br;_,); films still exists. Correa Baena et al. have chosen SnO,
to replace TiO; as the electron transport layer in planar structured
PSCs [47]. Using this method, they achieved nearly hysteresis-free
PSCs with a PCE of 18.4% for a reverse scan and a PCE of 18.1%
for a forward scan. Passivation layers on the upper or lower surface
of perovskite film were believed to be an effective method to reduce
the hysteresis in PSCs by decreasing the interface defects and
surface recombination [7,48]. To be noted, an effective passivation
layer must be ultrathin and very uniform, so the usual fabrication
methods such as spin coating are not very proper [7,48]. Some

26

2t —8— Reverse 18.1%
- —A— Forward 16.6%

N 228 n-u-f=B-8-B-8-n-B-ncp-R-p-§-g_
[ Bm—
020} kA\
E 18 | A
Es] b,
214t A
242} "
Lot
€ 8r
:of
S 4}
L |

(&) al \

0 1 1 1 1 1 'l 1 1 1 1

0.0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 09 1.0 1.1

Voltage (V)

Fig. 9 Current density—voltage (J-V) curves of the champion
perovskite solar cell based on an MA,FA_,Pb (I,Br;_,); film
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nano-manufacturing methods [49] such as self-assembly and
spray coating [50] could be used to fabricate high-quality passiv-
ation layers. We believe hysteresis in our fabricated PSCs can be
further improved when different electron/hole transport layers are
chosen to replace the currently used set: TiO, and Spiro-OMeTAD
[45], or high-quality passivation layers are fabricated.

Conclusion

In summary, a hybrid physical-chemical vapor deposi-
tion method was used to successfully fabricate perovskite films
with adjustable components and bandgaps, such as MAPbDI;,
MAo_ggFAo_“PbI3 and MA0_54FA0_46Pb (10_94BI'0_06)3. The adjust-
able bandgaps of these three perovskite films are 1.60eV,
1.58 eV, and 1.61 eV, respectively. To our knowledge, this is the
first time PSCs have been fabricated with halogen anion mixed
perovskite films. PSCs based on MAgs54FA(46Pb (Io.94B10.06)3
achieved a high efficiency of 18.1%. Details regarding the vapor-
based growth process research for compositional perovskite films
and the methods to precisely control the ratio of different elements
are discussed. We believe that PSCs with MA,FA,_Pb (I,Br;_,)3
will have higher efficiency and more stability in the future. In the
meantime, our subsequent work will be to help develop a more
competitive method to fabricate high-performance, large-area and
low-cost PSCs in large-scale production to help promote commer-
cial applications of PSCs.
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