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ABSTRACT:

In recent decades, metal halide perovskites have attracted much attention after showing great
potential in photovoltaic (PV) applications. With the rapid progress of perovskites, various thin
film fabrication methods have been studied intensively. However, in order to obtain perovskite
films with the desired morphologies and properties and achieve large-scale manufacture, a film
deposition method with controllability, cost efficiency, scalability and uniformity is required.
Chemical vapor deposition (CVD) stands out among the various deposition methods due to its

unique advantages. In this review, perovskite films for PV applications deposited by diverse



CVD methods are discussed, and a summary of the development and investigation of CVD

processes utilized is provided.

INTRODUCTION

The investigation of renewable energy sources, especially solar energy, is increasingly popular
due to current environmental problems and resource shortage. As an effective device to utilize
solar energy, the perovskite solar cell (PSC) attracted much interest, because it is not only low-
cost, but also highly effective. Since 2009, when the first perovskite film in the solar cell was
fabricated by one-step spin-coating,! the perovskite field has flourished for more than one decade
and keeps moving toward higher efficiencies and more facile fabrication methods. The state-of-
the-art perovskite solar cell has reached a power conversion efficiency (PCE) of 25.6%,
comparable to that of crystalline silicon solar cells.?

One feature of perovskites that makes them stand out from all semiconducting materials with
excellent performance is their fabricability. Compared with other candidates, perovskite films in
PV applications could be deposited through various cost-effective methods, including solution
processes® S and vapor processes.” !! However, perovskite thin films are typically deposited by
spin-coating. While this method has short deposition process times, allowing for rapid reiteration
and optimization, it yields films with poor uniformity over large areas, and the production is
often limited to the use of a glovebox.** These problems all limit the mass production of
perovskite films. In addition to spin-coating, various methods have also been developed for
perovskite film deposition. For solution processes such as spray coating,® inkjet printing’ and
slot-die coating,® although they have been utilized on large-scale substrates, excessive variables
in the coating process such as droplet size, substrate wettability and solvent boiling point means

that formation of high quality films is challenging.!>!* Solvent-free techniques such as thermal



evaporation'® and flash evaporation!! can produce high quality and pin-hole free films with large
crystallites due to the slow film growth rate. However, the demand of high vacuum or high
temperature increases the cost, and the number of suitable precursors is limited due to the
requirement of thermal stability. Consequently, a simple, scalable and low-cost method to
produce thin films of perovskite or perovskite-derived materials is required and chemical vapor
deposition (CVD) could meet these demands.

CVD is a film deposition method involving a process containing a series of chemical reactions
in the vapor phase. Due to its reliability, scalability and low cost, CVD has been industrially
utilized in many optoelectrical fields, especially glass coating and semiconductors.!* Based on
the kind of energy to drive the chemical reaction used in the process, CVD can be classified as
thermal CVD, photon CVD, laser CVD, plasma-enhanced CVD and pulsed CVD.!* Considering
the difference in vapor characteristics and operation processes, CVD can also adopt a range of
variants, such as in low-pressure CVD (LPCVD),"> metal-organic CVD (MOCVD),!¢ and
aerosol-assisted CVD (AACVD).!” The thermal tubular CVD is still the most popular setup in
both research laboratories and industries with numerous variants. The tubular reactor chamber
allows for straightforward and suitable setups for desired film depositions. Normally, the quartz
tube for CVD is surrounded by a heating furnace for controllable temperatures, which is called a
hot-wall CVD. In some cases, the heating part could also be a heating ‘table’ inside the tube,
which is then cold-wall CVD. A carrier gas flow, such as nitrogen or argon, goes into the tube
from the inlet for the transport of precursors, although in LPCVD a vacuum would be utilized.
The fundamental mechanism behind CVD involves the following steps: (1) Transport of
precursors in the vapor phase to the reaction chamber; (2) Chemical reactions for the formation

of intermediate species and by-products; (3) Transport of intermediate species to the substrates;



(4) Physical or chemical adsorption of reactants onto the substrate; (5) Heterogeneous reactions
including diffusion, nucleation and growth leading to the target solid phase film formation on the
substrate surface; (6) Desorption of by-products; (7) Removal of by-products and unreacted
precursors away from the chamber.'* As a result, CVD is an interdisciplinary process. Any one
of the parameters such as temperature, flow rate and types of precursors could influence the final
film deposited. At the same time, thermal tubular CVD is highly repeatable for the optimized
film if the above parameters are controlled.
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In 2014, CVD was first used to prepare perovskite materials for PV applications,
cost and high throughput method to produce PSCs on a larger scale. The CVD process allows for
batch fabrication, which is helpful for sample-to-sample uniformity. In addition, the self-limiting
nature of perovskite films deposited by CVD could improve batch-to-batch reproducibility.?! The
ease of controlling reaction temperatures, pressures and atmosphere in a tubular chamber soon
made CVD attractive in the perovskite field. In addition, unlike common solution-based
methods, the intercalating reaction rate of the film could be reduced in the vapor phase CVD
process and the crystallization process could also be precisely controlled, which is beneficial to
the formation of uniform and smooth films.!*?>?* Diverse tubular CVD has been applied in thin
film deposition of perovskites and their derivatives in PSCs.

At present, lead-based perovskites are the most studied kind of materials due to their
outstanding performance. However, the toxicity and instability of lead are also nonnegligible.
Therefore, many metal elements have been investigated for lead-free perovskite-like materials,
and several metals, such as tin and bismuth, stood out among all candidates due to their low

toxicity, ambient stability, and potential performance in PV devices. In recent years, several

reviews containing CVD of perovskite films have been reported, which have focused on lead-



based perovskites.'>!32426 This review will systemically summarize CVD of not only lead halide
perovskites, but the film fabrication of lead-free derivatives by CVD will also be discussed. At

the same time, a comparison and summary of the various films will be provided.

HYBRID CHEMICAL VAPOR DEPOSITION (HCVD)

HCVD is a potential method for the scale up of perovskite film deposition for PV applications.
A complete HCVD process contains a metal halide film deposition through thermal evaporation
or solution-based techniques and sequential perovskite conversion in the reactor under organic or
inorganic halide vapor. Normally, a multi-zone furnace with flexible control of carrier gas,
temperature and pressure is used in HCVD.

Thermal evaporation/CVD. HCVD was first utilized to deposit methylammonium lead
iodide (MAPbI;) film by Leyden et al. in 2014 and PSCs were demonstrated with efficiencies of
11.8%.'° These devices were stored in dry N, and were stable up to 1100 h. A two-step process
was carried out for the deposition, where a PbCl, film was first deposited on the substrate by
high-vacuum thermal evaporation to provide a more uniform morphology than achieved with
Pbl,, followed by a CVD deposition of methylammonium iodide (MAI). As shown in Figure la,
in the HCVD process, the MAI powder and substrates were positioned in two zones with
different temperatures of 185 °C and 130 °C, respectively. Finally, smooth MAPbI; films with
thickness of 300 nm and grain size of ~ 0.6 um were obtained. The thickness of the perovskite
films was found to be determined by the PbCl> film, which would influence the device
performance. In addition, substrates that were post-annealed in air led to a better device

performance than those annealed in N> (Figure 1b).
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Figure 1. (a) Schematic illustration of the HCVD equipment with two temperature zones. (b)
Scatter plot of average efficiencies of solar cells at different Pbl layer thicknesses and post-
annealed atmospheres. Reproduced from ref. 19 with permission from the Royal Society of
Chemistry. Licensed under a Creative Commons Attribution 3.0 International License

(https://creativecommons.org/licenses/by/3.0/).

In another report by the same group, stable gamma-phase formamidinium lead iodide (FAPbI3)
films were fabricated using the same method.?! Due to the presence of the FA cation, both the
efficiencies and stability of the PSCs were improved significantly. Devices with the highest
efficiencies of 14.2% and stability of 155 days were obtained. In this work, the performance and
stability of PSCs were optimized through adjusting the formamidinium iodide (FAI) saturation
and chlorine concentration in the films.

Leyden et al. further refined and scaled up the above deposition process, achieving the
fabrication of PSCs based on MAPbI; (15.6%, 0.09 cm?) and FAPbI; (9.5%, 8.8 cm?; 9.0%, 12
cm?).2” A comparison between solution (MAPbI3) and CVD (FAPbI3) process cells determined
that although PCEs of large-area PSCs via spin-coating were higher than those of CVD cells, due
to overheating, the steady state power of solution processed cells declined rapidly with
increasing active areas, which did not happen to CVD produced cells. This work suggested the

potential scale-up of HCVD for perovskite film fabrication.



With the trend of mixing organic, inorganic cations and/or halides in perovskites for better
morphologies, stability and tunable optoelectrical properties, the complexity of the material
component was increased through more complicated HCVD process.?®?’ The deposition of Sn-
rich MASn,Pbi«I3 (0<x<1) films with large grain size over 5 um from a solvent-free process
was reported by Tavakoli et al., where a novel alloy technique was utilized.?® A binary alloy
precursor was selected to obtain the target perovskite with controlled composition and
morphology. Lead and tin metals were deposited separately through thermal evaporation, and
then MAI reacted with the alloy film in a tubular CVD chamber. Final PSCs based on these high-
quality films yielded a PCE of 14.04%, which was comparable with pure Pb PSCs but with a
much higher stability than pure Sn PSCs.

Lead perovskites films with binary cations and halides in the structure, such as
Cs0.1FA¢9Pbl2 9Brg 1, could also be prepared via HCVD.? The perovskite film with large grains
and a smooth surface was obtained, and the film thickness was around 400 nm (Figure 2a,b).
More importantly, the huge potential of HCVD in industrialized production was further
demonstrated by as-obtained PSCs with a designed area of 91.8 cm? approaching 10% efficiency
(Figure 2c, d). The remarkable performance and area of devices was comparable with those of
films fabricated by solution-based methods such as slot die coating, and the utilization of toxic
solvents was avoided at the same time.>* The geometric fill factor (>90%) of modules in this
work was much higher than other similar materials-based PSCs even with smaller areas.’!-*?
Furthermore, PSCs’ absolute efficiency decay was close to that of other scale-up commercialized
PV devices (Figure 2e).

In addition to traditional tubular CVD reactor, a vapor transport deposition system featuring a

showerhead was used in HCVD as well (Figure 2f).** This setup physically dissociates the



organic vapor evaporation zone from the deposition chamber, avoiding the complex control of
the organic sublimation. The transport of MAI vapor through a showerhead could also ensure a
spatially homogeneous conversion of Pbl, to MAPbI3, and homogeneous perovskite layers were

deposited on textured silicon substrates (Figure 2g).
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Figure 2. (a) Cross-sectional and (b) planar SEM images of the Cso.1FAo9Pblx9Bro; film. (c)
Optical image and (d) J-V curve of the 10 cm x 10 cm HCVD Cso.1FA0.9Pbl29Bro.1 based solar
module. (e) Operational stability of the HCVD solar module under one-sun illumination and
steady-state power output tracking. A burn-in loss of power output within the first ten hours with
90% of initial performance remaining, followed with a decay of the performance with a slope of

-0.04%/h. Reproduced from ref. 29 with permission from the Royal Society of Chemistry.



Licensed under a Creative Commons Attribution-NonCommercial 3.0 International License
(https://creativecommons.org/licenses/by-nc/3.0/). (f) Schematic illustration of the setup with
showerhead. (g) Cross-sectional SEM image of the wafer. Reproduced with permission from ref.

34. Copyright 2021 American Chemical Society.

Although excellent PV devices have been successfully prepared through HCVD, the long
deposition time of up to a few hours and obvious hysteresis would hinder the mass production of
HCVD. Therefore, a rapid HCVD was developed to reduce the process time to less than 10
mins.*>> Both small cells (active area = 0.1 cm?) and large modules (active areas = 22.4 cm?)

exhibited only slight hysteresis with great performance and stability.

Spin coating/CVD. In addition to thermal evaporation, CVD could also be compatible with
solution-based methods, such as spin-coating. As a simple and mature film deposition method,
spin-coating is widely used in combination with CVD, which is advantageous as spin-coating is
more cost-effective than energy consuming thermal evaporation. While it is difficult to obtain
large scale films, higher PCEs are normally obtained for spin-coated films due to the larger grain
size compared with thermal evaporation.*®*’ Yin et al. reported vapor-assisted deposited MAPbI;
PSCs with 18.9% efficiency based on spin-coated mesoporous Pbl; films (Figure 3a).*® This is
the highest reported PCE of a CVD-deposited perovskite film, even though still inferior to that of
the state-of-the-art MAPbI; PSC via spin-coating (beyond 21%).>® In contrast to the previous
HCVD reports, perovskite films of high quality were fabricated under ambient atmosphere, even
at high relative humidity of around 60%, and in situ annealing under MAI vapor was introduced
for recrystallization. From cross-sectional and planar SEM images, it can be seen that uniform
films with large grains and dense morphology were deposited (Figure 3b, c). As a result, the

devices showed remarkable air stability and low hysteresis. In addition, it was demonstrated that



compared with dense Pbl, films, mesoporous Pbl, films with smaller grains could benefit the
MALI vapor migration, leading to the formation of perovskite films dominated by large crystals
(Figure 3d, e). Besides Pb-based materials, HCVD was also successfully employed to fabricate
less-toxic and more stable lead-free materials, such as methylammonium bismuth iodide
(MA;Bi2lo).** The performance of devices based on MA treated spin-coated Bils films was

comparable with those of solution-processed cells.
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Figure 3. (a) Schematic illustration of the ambient atmosphere vapor-assisted deposition
equipment. (b) Cross-sectional and (¢) planar SEM images of the as-prepared perovskite film.
MAPDI; films made by MAI vapor conversion of (d) dense Pbl, films and (e) mesoporous Pbl,

film. Reproduced with permission from ref. 23. Copyright 2016 Royal Society of Chemistry.

The impact of CVD growth conditions on perovskite materials must be investigated to

optimize film quality and device performance. The effect of carrier gas and postdeposition

10



cooling rate was studied by Ng et al..** It was found that a HCVD process in an N2/O (85%/15%)
ambient with slow postdeposition rate could decrease the density of both shallow traps and deep
levels in perovskites. Furthermore, a mesoscopic TiO> scaffold enhanced the device performance
due to improved crystallization of the MAPDI; films and carrier transport properties of the whole
device (Figure 4a, b). The same group performed low-frequency noise characterizations to
determine that the MAPbI; films with higher crystallinity and lower defect density were
fabricated by HCVD compared with films from the solution technique (Figure 4c, d), and oxygen
annealing could passivate the films’ defect states and improve the device stability. The highest
PCE of the device based on the HCVD-grown film (16.9%) was improved significantly

compared with the one prepared from the conventional solution method (9.9%).4!
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Figure 4. (a) Planar and (b) cross-sectional SEM images of the HCVD-grown MAPDI3 film with
slow cooling (0.7 °C/min) on mesoscopic TiO>. Reproduced with permission from ref. 40.
Copyright 2016 American Chemical Society. (¢) SEM images of MAPDbI; films grown by
solution and HCVD techniques. (d) Normalized trap density computed for two types of resistive
structures as a function of energy. The variation of trap density as a function of the activation
energy has impact on the properties of the low-frequency noise power spectral density.

Reproduced with permission from ref. 41. Copyright 2018 American Chemical Society.

The combination of spin-coating and CVD result in an increase in the range of potential
precursors that can be utilized. Not only limited to organic halides, gaseous methylamine (MA)
and HI could be used directly as precursors for MAPbI; film deposition, leading to a lower
required CVD deposition temperature than that of other HCVD process.** At the same time, MA
has been shown to have a defect-healing effect on MAPbI; films caused by the formation of an
intermediate CH3NH3Pbl3-xCH3NH; liquid phase.*®?

Jiang et al. first proposed a combination of HCVD and cation exchange (CE) to deposit large-
scale (12 cm?) Cso.07FAg.93Pbls films (Figure 5a).>! The smoothness and device performance of
the HCVD-CE films were improved significantly compared with the solution-process films
(Figure 5b, c). As-fabricated PSCs showed a PCE of 14.6% and PCE loss/active area of
0.17%/cm?. It was shown that the Cs" ratio in the film influenced the grain size, electron and
hole injection between layers. Furthermore, the improved stability of Cso.07FA0.93Pbls films was
caused by the higher Cs™ ratio at the surface than that in the bulk. It was noted that HCVD could
not only be used in the reaction between metal halides and organic/inorganic halides, but also
anion exchange of perovskite materials. Unlike HCVD followed by a cation exchange process,

anion replacement in perovskites was achieved in HCVD. Luo et al. used a tubular CVD setup to
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achieve a fast anion exchange from CsPbl; to CsPbBr; under a Bra atmosphere.** This work
avoided complicated solution-based synthesis of all inorganic perovskite films and the solubility
limitation of bromide anions in conventional solvents. After the anion exchange, the structural
stability of the perovskites was enhanced greatly, and a high efficiency of 5.38% was obtained
for relevant cells. Following this an extra MAI/MABr-assisted CVD process was added after the
anion exchange by the same group to fabricate bandgap tunable CsPb(IxBrix)s films.*> As the
amount of MALI increased, the bandgaps decreased, and the grain size increased while the

stability of films deteriorated.
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Figure 5. (a) Schematic illustration of the preparation of the mixed CsxFA1—«Pbl; perovskite
films by the HCVD-CE method. (b) Surface roughness on the nine intentionally selected points
of the 5 cm x 5 cm perovskite films. (¢c) PCE of the modules with different number of cells in
series and photograph of a HCVD-CE prepared module. Reproduced with permission from ref.

31. Copyright 2017 Wiley-VCH.

Besides spin-coating, an up scalable perovskite deposition technology combining raster
ultrasonic spray coating (RUS) and CVD was proposed (Figure 6a).*® This novel method
overcomes the coating size limitation of spin-coating (Figure 6b, ¢) and reduces Pb waste
significantly during Pbl, deposition (Figure 6e), increasing the potential of HCVD mass

production and being more environmental friendly. Compared with spin-coating, this method
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showed much lower substrate size dependence, and the perovskite module achieved a high

module PCE of 14.7% on an active area of 12.0 cm? (Figure 6d).
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Figure 6. (a) Schematic illustration of the RUS—-CVD technology. Photographs of (b) a RUS-
coated Pbl> film before annealing and (c) a CVD-converted FAPbIxBr;— film deposited on a 10
cm % 10 cm patterned fluorine doped tin oxide (FTO) substrate. (d) Solar cell and module
performance as a function of active area. Spin-coating data are extracted from previous work.>!
(e) Lead waste during the perovskite deposition process as a function of substrate size.

Reproduced with permission from ref. 46. Copyright 2019 Wiley-VCH.

LOW-PRESSURE CVD (LPCVD)

Conventional LPCVD. Despite its popularity, HCVD still has some disadvantages. In the
HCVD process, a variety of intercalated parameters, which influence the film growth, are hard to
adjust independently. LPCVD has been seen as a mature technology to deposit films on the
industrial scale. Under a low-pressure environment (0.001 to 100 Torr), unwanted vapor phase
reactions could be avoided and over-rapid intercalating reaction rate between metal and organic
halides could be moderated, so that the uniformity and purity of the desired films are improved.
In addition, the energy budget and yield of perovskite film deposition are improved for

LPCVD.*” Through combination with spin-coating, LPCVD was first introduced in PSC
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preparation by Luo et al. (Figure 7a).?> The prepared uniform MAPbI; films showed good
crystallization and remarkable moisture resistance under laser illumination and high-temperature
conditions. The as-obtained PSCs achieved an efficiency of 12.73% under open air with a high
humidity above 60%. The main reason for these high-quality films was that in LPCVD, the long
MAI molecular free path eliminated the gas concentration gradient, and the film could grow
slowly layer-by-layer.

Shen et al. reported a different LPCVD with a single-temperature zone reactor to increase the
material use ratio and large-scale capability (Figure 7b).*® The crucial effect of reaction time and
working pressure on the film formation was discussed. Large grain facets could be observed after
0.5 h, but the small grain prevailed over grain boundaries once the reaction time was up to 1 h
(Figure 7c, d). Meanwhile, MAI vapor phase caused the decomposition or impurity formation of
perovskites at high pressure. Based on the optimized MAPDI; films, PCEs of 15% and 6.22%
were obtained respectively for small cells and large modules with active area of 8.4 cm?. In
addition, based on a mixed organic cation perovskite, the influence of carrier gas flow rate on
physical and optoelectrical properties of the films was investigated in LPCVD process in another
work.* A higher H» flow led to accelerated nucleation and grain growth, as well as more defects
or contamination on the film surface.

The potential scalability of LPCVD for perovskite fabrication was also demonstrated. Luo et al.
reported that uniform and pin hole-free CsxFA1xPblsyBry films were prepared from a method
containing the thermal evaporation of CsBr and Pbl, and LPCVD under FAI/FACI vapor.* It
was shown that the morphology, stability and reproducibility of the final films were improved
through adding FACI, due to the increased crystal growth rate (Figure 7e). In addition to PSCs

with PCE as high as 17.29%, large sized 41.25 cm? PSC modules were also built up, exhibiting a
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champion PCE of 12.24% (Figure 7f). While the highest PCE of CsxFAxPblsyBry-based
devices has been achieved above 21%,° this efficiency is still remarkable for the device with

such large active area.
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Figure 7. (a) LPCVD equipment with two-temperature zones. Reproduced with permission from
ref. 22. Copyright 2015 American Chemical Society. (b) LPCVD equipment with single
temperature zone. SEM images of MAPbI; films undergoing reaction times of (¢) 0.5 h and (d) 1
h, Reproduced with permission from ref. 48. Copyright 2016 Wiley-VCH. (e) PCE value
distributions of the device fabricated in FAI and FAI/FACI vapor. (f) J-V curves of PSC
modules of size 8 x 8cm?® Reproduced with permission from ref. 32. Copyright 2018 Royal

Society of Chemistry.

As well as combining with spin-coating or thermal evaporation, LPCVD could also be utilized
to prepare perovskite films solely through sequential deposition in one reactor.’!>* As a result,
the whole deposition process could be simplified further. MAPbI; films with large grain size of
around 3.8 pm were obtained through two-step LPCVD, and the morphology of the final

perovskite film was determined by the LPCVD-Pbl, film.’! Using more complex precursors or
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adding more CVD steps, perovskite films with mixed metals or halides could be fabricated as
well, such as Sn-doped and Cl-doped MAPbI;.°>** It is worth noting that the thin films of lead-

free materials, Cs2Snls and MA3Bi2lo, were successfully synthesized by sequential LPCVD.>>77

Hybrid Physical Chemistry Deposition (HPCVD). For both aforementioned HCVD and
LPCVD, a long-distance transport of the organic halides vapor is necessary, which affects the
reproducibility of the fabrication process negatively. Therefore, a novel CVD setup derived from
LPCVD was reported as hybrid physical CVD (HPCVD) in 2015.°% Unlike HCVD and
conventional LPCVD with multi-temperature zones and/or varied vacuum levels, perovskite
films via HPCVD could be prepared in isothermal and well-controlled vacuum conditions. The
precursor powder is placed below the substrate to decrease the transport distance (Figure 8) and
because of the existence of two blocks, the gradient of the pressure in the tube, which typically
diminishes from the inlet to outlet, was in a stable state. Consequently, vapor pressure could be
modified simply through changing the configuration between precursors and substrates.’® Peng et
al. combined this refined LPCVD with the thermal evaporation of Pbl, to deposit perovskite
materials for PV applications.’® MAPDI; solar cells prepared at an ultra-low temperature of 82 °C
showed the highest PCE up to 14.7%. Later, through adding one more thermal evaporation step
on the basis of HPCVD, Tong et al. demonstrated a precisely tunable stack sequence physical-
chemical vapor deposition to prepare a CsBr-doped FAPbI; perovskite with high stability (Figure
8b).%° This method featured a gradient bandgap profile to improve the PCE from 11.69% in pure
FAPbI; to 18.22% in doped PSCs (Figure 8c).

In other HPCVD reports, optimized Pbl, film via spin-coating was used as substrates,®® and the
relationship between spin-coating speed, precursor solution concentration, film quality and

device performance was investigated.’'*> In the solution process, it has been found that Pbl,
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films with poor quality would lead to porous perovskite films with incomplete conversion.®?
Therefore, it is also important to avoid this risk in the CVD process with spin-coated Pbl,
substrates, and Luo et al. found that Cl introduction in the CVD process could repair defects in

Pbl, films.%
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Figure 8. (a) Schematic illustration of a HPCVD method. Reproduced with permission from ref.
58. Copyright 2015 Royal Society of Chemistry. (b) Energy diagram of the PSCs via the stack
sequence physical-chemical vapor deposition process. (¢) Comparison of the stability of MAPbI3,
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Copyright 2018 Elsevier.

Similar to HPCVD, an isothermal LPCVD tubular was utilized in a paper involving as-

prepared MAPbI; films were stable up to 100 days in air.®> The stability of the films was
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enhanced by the synergistical effect of outstanding film purity, morphology and tight
arrangement of crystallites. It is interesting that the highest PCE (15.15%) of cells was obtained

after 30 days as a result of the formation of Pbl> and self-healing of the defect state.

In-situ tubular CVD (ITCVD). In-situ tubular CVD (ITCVD) is also a kind of modified
LPCVD. The intrinsic difference between HPCVD and ITCVD is the configuration of substrates
and precursors in the reactor, which is “face-to-face” for ITCVD (Figure 9a) but “back-to-face”
for HPCVD (Figure 8a). Luo et al. reported compact films produced through ITCVD, as shown
in Figure 9b.% Interestingly, a roll-over phenomenon in J-V curves was first reported in PSCs
(Figure 9c). Later, Liu et al. introduced NH4Cl in ITCVD to reduce the reaction time and
decrease the deposition temperature, which further reduced the energy consumption.®” Moreover,
the influence of Pbl> deposition rate on films via PVD/CVD has been studied, proving that Pbl,
films with lower surface roughness and a higher degree of preferential growth orientation were

deposited with higher rate, which was beneficial to form perovskite films with less residual Pbl>

: 68
in the ITCVD process.
(a) Quartz tube Heaters Pbl, films Gauge ——
V=0.952 V
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Figure 9. (a) Schematic illustration of ITCVD setup. (b) SEM image of thin film. (¢) J-V curve
of the PSC. Reproduced with permission from ref. 66. Copyright 2015 Royal Society of

Chemistry.

In addition, a related method to ITCVD, close space vapor transport method, was presented by

Li et al,” which is also a low-cost, high-throughput and scalable technology for semiconductor
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fabrication. In this work, the large-area MAPbI3-PSC had a PCE of 13.8% and great uniformity

on a3 cm x 3 cm substrate.

ONE-STEP CVD

Compared to multi-step methods, one-step CVD is a more facile process by eliminating other
steps such as spin-coating and thermal evaporation. As a result, less deposition parameters need
to be controlled in the process, which improves the reproducibility and cost effectiveness of the
fabrication method.

The first investigation utilizing one-step tubular CVD was reported by Tavakoli et al.”
Through the co-vaporizing of lead chloride or lead iodide and MAI placed in the high-
temperature zone, MAPbIz and MAPbI;«Clx films with large grain size, long carrier diffusion
length and high coverage could be deposited in the low-temperature zone (Figure 10a). As-
synthesized MAPbI;xClx films were used as the absorber layer in the planar solar cells with a
PCE of 11.1%, and there is still potential room for device efficiency improvement. Hole-
transport-material-free PSCs based on MAPbI; films via one-step CVD were also studied.”! The
effect of deposition parameters such as temperature, pressure and substrate on film morphology
were also demonstrated in one-step CVD.”!”? A kind of highly luminescent inorganic perovskite
film, CsPb,Brs, was deposited by one-step CVD as well, and its properties was studied to prove
the potential in PV applications.” Interestingly, thin films of lead-free materials were also
successfully deposited via one-step CVD at ambient atmosphere or controlled pressure.’*” The
novelty in the deposition process of MA;3Bixly is the showerhead-based deposition tool for
perovskites, which offered precise control options and paved the way for large-area production

(Figure 10b).”> Recently, it was first demonstrated that one-step CVD could also be utilized to
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deposit millimeter-size CsPbBr3 crystalline thin films with high phase purity, showing a
promising preparation method suitable for PV applications (Figure 10c, d).”®

PbX, (X=I and Cl) MAI

Substrate
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Zone 2 Zone 1
Low temperature High temperature ( d)
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Figure 10. (a) One-step film fabrication using MAI and PbX: sources in a CVD furnace.
Reproduced from ref. 70 with permission from Springer Nature. Licensed under a Creative
Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).
(b) The showerhead-based deposition tool. Reproduced from ref. 75 with permission from
Springer Nature. Licensed under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/). (c) Polarized optical microscopy image for a
single grain. The inset is the photograph of CVD grown CsPbBr; film with mm-scale grains. (d)
The line-cut extracted from GIWAXS map (red) and simulated X-ray diffraction pattern (black)
of orthorhombic phase CsPbBrs. Reproduced with permission from ref. 76. Copyright 2021

Wiley-VCH.

AEROSOL-ASSISTED CVD (AACVD)
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All CVD methods discussed in this review so far are solvent-free processes. In fact, solutions
could also be utilized in CVD, such as with aerosol-assisted CVD (AACVD). As an emerging
method with a large potential in industrial applications, AACVD has been widely used in the
thin-film deposition of traditional functional materials, such as transparent conducting oxides and
superhydrophobic materials.””’® Recently, semiconductor films of perovskites, bournonites and
their derivatives deposited via AACVD have also been investigated as the absorber layer in solar
cells.?782 AACVD combines the benefits of solution- and vapor-based deposition. There are
basically two kinds of AACVD instruments, including hot-wall and cold-wall reactor (Figure 11).
Through utilizing an ultrasonic humidifier, the mist of the precursor in a solution can be formed,
followed by being transmitted into the heating reactor via a carrier gas flow. With the effect of
high temperature, the film can be deposited after the evaporation of solvents and decomposition
of precursors. The choice of precursors with high volatility is the main problem for traditional
CVD. However, the mist form of precursors allows AACVD to remove this limitation, and

simply require precursor solubility. This feature enlarges the varieties of suitable precursors in

AACVD significantly.®
. J (b)
¢ Exhaust Exhaust
Furnace ]
Furnace
N4 Ultrasonic Ultrasonic

u humidifier w humidifier

Figure 11. Schematic diagram of (a) hot-wall and (b) cold-wall AACVD instruments.

One-step AACVD. Different from solvent-free CVD, as precursors could react in situ in the

solution, single-source precursor solutions are generally used in one-step AACVD, which is
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more efficient and it is possible to reduce the deposition temperature required. In 2014, one-step
AACVD was first utilized in the film deposition of MAPbBr3 on glass at 250 °C, where the
precursor solution in DMF was diluted with acetonitrile.?® Later on, MAPbI; films were also
deposited at 200 °C by AACVD.” However, these films were unstable, and slow decomposition
happened under X-ray irradiation in XPS. In addition, a Pbl-MAI-DMF intermediate complex
was observed in the XRD patterns,®* which was a common phenomenon for films deposited by
AACVD due to the utilization of polar solvents with high boiling points.

Afterwards, the versatility of AACVD was further proved with various perovskites and related
materials synthesized, such as FAPbI;, CsxSnls and phenethylammonium bismuth iodide
(PEA3Bi,lo) 80828586 Tn the case of PEA3Bizlo, three kinds of materials (glass, TiO2 and FTO)
were used as substrates to study their effects on the morphology and optoelectrical properties of
the films.3? It was shown in the SEM images that more compact, uniform and crystallized films
were deposited on TiO2 and FTO, demonstrating a positive effect of crystalline substrates on the
film growth (Figure 12). Meanwhile, films of materials with mixed halides were reported by
using more complex precursor solutions, including Cl incorporated MAPbBr3, CsPbBr2l and
bromine doped MAPbI;.2"% Through changing the doping ratio, those films deposited by

AACVD could be optically tuned.?”-%

Figure 12. SEM images of PEA3Bixly on (a) float glass, (b) TiO2/glass and (c¢) FTO/glass

substrates. Magnification for all images is x 1000 and scale bar represents 10 um. Reproduced
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from ref. 82 with permission from Wiley-VCH. Licensed under a Creative Commons Attribution

4.0 International License (https://creativecommons.org/licenses/by/4.0/).

In addition, additives in the precursor solutions were investigated to improve the film quality.
For example, oleylamine, as a shape modifier, was chosen to be added into the precursor solution
to modify the formation of CsPbBr2l microsquares.®® Addition of HI was also found to reduce
the number of macroscopic defects e.g., pinholes, iodine deficiency or the presence of impurities,
and significantly influence the film properties (Figure 13a-d).*

The comparison between Cs>Snls and MAPDI; perovskite films deposited via AACVD at
130 °C and spin coating was investigated by Ke et al.. Larger grain sizes for AACVD grown
films contributed to an improved stability (Figure 13e, f). They studied the film stability using
near ambient pressure XPS, giving an insight into the degradation mechanism of perovskite films
in humid air.®* Unfortunately, until now, no complete PV devices has been built up

successfully based on one-step AACVD perovskite films. The possible reason is the over-large

thickness and pinholes of AACVD films.
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Figure 13. SEM images of Cs2Snlg films (a), (b) AACVD (+HI)-processed film. (c¢), (d)
AACVD (—HI)-grown film. (e), (f) spin-coated (+HI) film at higher and lower magnifications.
Reproduced from ref. 80 with permission from the Royal Society of Chemistry. Licensed under a
Creative Commons Attribution 3.0 International License

(https://creativecommons.org/licenses/by/3.0/).

Multi-step AACVD. AACVD was developed from single step to two steps by Chen et al.”! It
was inferred that not densely packed perovskite coatings originated from the high deposition
temperature in one-step process, which explained the poor morphology of MAPDbI3 films
deposited by one-step AACVD.” While a small quantity of Pbl, were not fully converted,
compact and uniform films with grain size of 1-2 pym and film thickness of 1.5 pm were obtained.
In this work, the temperature of the first deposition of Pbl> was 70 °C, and the second deposition

was at 220 °C.
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Originating from the above two-step AACVD, a three-step AACVD with one more step to
evaporate DMF in Pbly films was proposed.”?> As-prepared dense and uniform MAPbI; films
with a thickness of 400 nm showed strong absorption and emission characteristics, but the films
still lacked enough stability.

Compared with single-step AACVD, the thickness of perovskite films deposited via two- or
three-step methods was significantly reduced, which is more desirable for the manufacture of
effective devices. The first PV device based on the AACVD deposited absorber layer was
fabricated by Ratnasingham et al.”® Films were deposited via two-step AACVD (175 + 220 °C)
with lead acetate and MAI as precursors, and in both steps, methanol was the only solvent.
Compared with common solvents used in perovskite fabrication like DMF, methanol has less
toxicity, low surface tension and easy aerosolization. The obtained film had a good surface
coverage, grain size of 1 um and thickness around 1 pm, but the rough film surface had to be
compensated with spray coated thick CuSCN as a hole transport layer in the device, which
significantly limited the PCE (Figure 14). The PSC showed a relatively low PCE of 5.42%, as
well as severe hysteresis due to non-ideal interfaces. Interestingly, AACVD was used in the post-
deposition treatment for PSCs recently, which remarkably improved the efficiency and stability
of devices.” This strategy was universally applicable to a wide range of PSC configurations and

architectures.
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Figure 14. (a) Planar SEM image of MAPDI; film deposited via AACVD. (b) Cross-sectional
SEM of completed device. Reproduced from ref. 93 with permission from the Royal Society of
Chemistry. Licensed under a Creative Commons Attribution-NonCommercial 3.0 International

License (https://creativecommons.org/licenses/by-nc/3.0/).

CONCLUSION AND OUTLOOK

In this review, an overview was presented discussing many reported works regarding the
synthesis methods of perovskites and related films based on CVD. Various CVD methods
including HCVD, LPCVD and AACVD were classified and summarized. A summary of all
identified chemical vapor deposition reports of PSCs is provided in Table 1. Numerous high-
quality thin films of perovskites and their derivatives have been deposited successfully, and
relative PV devices were fabricated as well. Through CVD, PCEs up to 18.9% of PSCs could be
achieved. Furthermore, perovskite solar modules with the active area of 91.8 cm? were built up.
The significant stability of perovskite films and devices was shown in many reports at the same
time. These results proved the versatility and scalability of CVD methods in the perovskite field.
In addition, some work also investigated the influence of various deposition parameters, such as
temperature, pressure, the kind of carrier gas, flow rate and reaction time, on the morphologies
and optoelectrical properties of films, which demonstrated the controllability of the CVD process.
The device performance is possible to be improved further through optimizing these parameters.

However, until now, compared with solution-based routes, vapor-based methods are still not
widely used to synthesize high-quality perovskite thin films. The highest PCE of a PSC based on
CVD-grown perovskite films (18.9%) is still lower than that of the state-of-the-art PSC (25.6%).
There are numerous parameters influencing the properties of deposited films in CVD, such as

temperatures, carrier flow rate and pressure, which increases the complexity of controlling
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chemical and physical reactions in the vapor phase. Unfortunately, the understanding of film
growth kinetics in CVD processes is still lacking in detail. Moreover, achieving precision control
of the sublimation of organic precursors is challenging in CVD due to their high vapor pressure.
The difficulty in controlling the stoichiometry of deposited films also limits the development of
CVD-grown films that have complicated compositions and may show better performance. Most
reported work on PSCs with high efficiencies based on perovskite films deposited via CVD
employed multi-step CVD, which increases the cost of the fabrication process and limits the
scalability. Although AACVD was adopted as a solution-based CVD to avoid the restriction of
precursors, pinholes and excessive thickness of the deposited films make AACVD grown
perovskites difficult to utilize in PV applications without further development.

From all works listed in this article, it can be seen that the combination of diverse CVD with
other film deposition methods including spin-coating and thermal evaporation is popular, and
normally the quality of films could be improved compared with films deposited by a single
method. It offers a direction for the further development of CVD, but also puts forward a higher
requirement on the understanding of the solid-vapor phase reaction mechanism in the CVD
process.

Although some lead-free materials were mentioned, most reports still focused on lead-based
perovskites. Considering the toxic and instable nature of lead halide perovskite, further
investigation of lead-free or mixed materials in CVD processes would be of interest, which

would be beneficial to increase the PSCs’ potential of mass production.
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Table 1. The summary of identified PSCs fabricated via CVD techniques.

Fﬂn;l:?gg:auon Steps Material P gég(l};)s)t A:élrzflf)area Ref.
2 MAPbI; 11.8 0.07 - 0.1 19
2 FAPbI; 14.2 1 21
MAPbI; 15.6 0.09
2 9.5 8.8 27
eveparation/CVD) AP ; N
2 MASNPb) I 14.04 0.1 28
2 Cs0.1FA0oPbL.sBro | 9.3 91.8 2
2 Cs0.1FA0sPbl; 12.3 22.4 3
HCVD (RUS /CVD) 2 FAPbLBr3 14.7 12 4
2 MAPbI; 18.9 0.11 2
. 2 MAPbI; 17.6 0.06 40
Ciﬁr\l/;é\s}’];‘;' 3 Cs0.07FA0o3PbIs 14.6 12 3
2 CsPbBr; 5.38 0.12-0.15 44
2 MAPbI; 12.9 0.326 4
2 MAPbI; 12.73 0.12 2
2 MAPbI; 6.22 8.4 4
Conventional 2 CsxFA|<Pbl3.,Bry g;z 401' ‘1265 2
LPCVD 2 MAPbI; 1.7 0.05 s1
3 Cl-doped MAPbI; 10.87 0.0512 54
2 MA;Bisl 0.047 - 56
2 MAPbI; 14.7 0.09 58
2 MAPbI; 15.15 0.12 63
Modified LPCVD 3 MAPbI; 13.76 0.12 o4
(HPCVD)
2 MAPbI; 14.2 - 61
2 MAPbI; 15.5 - 62
3 CsBr-doped FAPbI; 18.22 0.09 59
2 MAPbI; 12.2 0.12 66
Modified LPCVD 2 MAPbI; 13.33 0.12 67
(ITCVD) 2 MAPbI; 11.6 - 68
, MAPbL 16.2 0.01 N
13.8 1
1 MAPbI;.,Cly 1.1 - 70
CVD ,
1 MAsBisl 0.02 - 75
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AACVD 2 MAPbDI; 5.42 0.45 %
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