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In the current stage of metal halide perovskite (PVSK) solar cell research,
development of up-scaling processes with high solar energy power conversion efficiency, long-term
stability, and minimum toxicity is important for moving forward this photovoltaic technology towards

commercialization. The main findings from our research includes: (1) synthesis of suitable PVSK
solar materials for the hybrid chemical vapor deposition (HCVD) process; (2) fabrication of PVSK
solar modules; (3) methylamine-gas treatment.



Metal halide perovskite (PVSK) solar cells brought high expectations as the
next-generation photovoltaic technology because of the readiness to form long-range
ordering in crystal structure, abundance of raw materials, and easy manufacturing
processability under 150 °C temperature. Currently, the best lab-scale single cells
using PVSKs have reached extraordinary efficiencies as high as 255 %
(https://www.nrel .gov/pv/cell-efficiency.html). However, these current state-of-the-
art perovskite single cells have relatively small active areas (<1 cm?), which is
impractical for realistic applications. Therefore, it is important to develop up-
scaling processes (>100 cm?) with high solar energy power conversion efficiencies
(PCEs) and stability. In this proposal, strategies to develop processes aiming at high
PCE, high-throughput, and minimum batch-to-batch variation, and compatible with large-
area perovskite solar cells and modules were aimed based on our (i) hybrid chemical

vapor deposition (HCVD) and (ii) methylamine (MA) gas treatment.

Similar to many other PVSK fabrication methods, PCE of PVSK solar cells grown by HCVD
drops with increasing active area. In our current understanding, two challenges lead
to low efficiencies in large area PVSK solar cells:

(1) PVSK morphology: Although HCVD has demonstrated initial success in growing uniform
perovskite films, the quality of these films need be further improved.

(2) Sheet resistance of transparent conducting oxide (TCO): For large area solar
modules, sheet resistance of TCO becomes increasingly important, because charge

carriers need to travel long distances before being collected by electrodes.

The proposed strategies for large-area PVSK solar modules were developed based on the
following three tasks:

(1) Synthesis of suitable PVSK materials for the HCVD process. There are a large number
of precursor molecules with tailored functionalities as candidates for synthesizing
PVSK materials. Particular emphasis was given in fabricating these PVSK materials by
making use of our newly developed method of HCVD.

(2) Fabrication of PVSK solar modules. Solar modules with large areas based on promising
PVSKs identified in Task (1) were fabricated. Standard characterization techniques

(current density vs voltage under simulated sun light, internal quantum efficiency,



and impedance spectroscopy) were carried out. Furthermore, long-term stability of above
large area devices were tested under realistic continuous operation conditions with
AM1.5 sunlight power illumination, 85 °C temperature, and 85% relative humidity.

(3) MA-gas treatment. The polycrystalline nature of PVSKs cause thin-films to be non-
uniform with disconnected grains. The spaces in grain boundaries allow unwanted direct
contact of electron and hole extraction layers, increasing carrier recombination.
Therefore, thin-film morphology control is essential in attaining high PCEs. Previously,
the MA-gas treatment method was demonstrated to be versatile in “ healing” and
improving further PVSK thin-film quality (Qi and coworkers, J. Mater. Chem. A 4, 2016,
2494-2500). We further developed a method of MA-gas exposure applied for large-area
PVSK films.

(1) Synthesis of suitable PVSK materials for the HCVD process. We have achieved the
main tasks of up-scaling processes based on our HCVD technique 4 -8 . Interface
engineering & and thermally stable Cso.iFAo.oPbl,oBro: perovskite allowed HCVD
fabrication of large area solar modules with efficiencies of 9.3% fabricated on 10 cm
X 10 cm substrates (designated area of 91.8 cm?) @ . Operational stability tests of
HCVD prepared Cs-based perovskite solar modules showed the T80 lifetime of ~500 h under
the realistic light illumination of 1 sun and 25 °C. The short lifetime of perovskites
in solar cells/modules is currently a major issue impeding further commercialization.
Substantial fundamental knowledge on the degradation processes in perovskite materials
were obtained 4 -& . Our works revealed the existence of reversible (CH:NH, + HI) and
an irreversible (CHsl + NH;) decomposition reaction in CHsNHsPbls perovskite & .
Subsequent strategies for improving stability are currently being studied in my group
q.

(2) Fabrication of PVSK solar modulles. Most of perovskite solar modules (PSMs) have
been fabricated employing TiO, as electron transport layer (ETL), which requires high
temperature processing and also results in instability issues. We have developed a
room temperature sputtered SnO, ETL fabrication protocol (under highly oxidizing
reactive environment) for attaining high quality SnO, films & . High-efficiency
perovskite solar cells with 20.2% PCE and PSMs (5 cm x 5 cm) with 12.03% PCE were
demonstrated. The extrapolated T80 operational lifetime of the solar module was 515 h,
with a PCE decay rate of ~0.04% h*. In another study, carbon electrode-based perovskite
solar cells have been recognized as a competitive low-cost candidate toward future
practical applications @& . We developed a low-cost carbon-based electrode that utilizes

a cheap small-molecule semiconductor copper phthalocyanine (CuPc) as interface modifier



and dopant simultaneously. The modified carbon paste was applied in the fabrication of
a flexible solar module using a 5 cm x 5 cm generating PCE of ~6% & . The progresses
on perovskite solar modules have been summarized in an invited review article & .

(3) MA-gas treatment. We have further progressed to improve our CHs;NH.-treatment method
leading to monolithic-type grains in perovskite films 20. On the basis of the gas—solid
reaction with CH:NH; gas combined with chlorine-incorporated hydrogen lead triiodide,
MAPbI;(Cl) perovskite films with thickness over 1 pym were fabricated in ambient
conditions. Our proposed method significantly improved the grain boundary-related
issues, which is reflected in high reproducibility with average PCE of 19.1% and low
PCE standard deviation (x 0.4%). Our protocol enabled an active area PCE of 15.3% for
5 cm x 5 cm PSMs. The un-encapsulated PSCs exhibited an excellent T80 lifetime
exceeding 1600 h under continuous operation conditions in dry N, environment. This work
demonstrates that the use of thick absorber films to realize perovskite-based
photovoltaic technology with high efficiency, reproducibility, and stability is a
promising direction. Further investigations are being conducted in my group employing

HCVD and MA-gas treatment strategies.
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