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Metal halide perovskite solar cells are an emerging photovoltaic technology already exhibiting great
potential. The main challenges at present that hinder the application of perovskite solar cells include
scalable fabrication, operational stability, and environmental impact of Pb in Pb-containing perovskite
solar cells. Among various scalable coating techniques, modified chemical vapor deposition (CVD) is
a promising technology to enable large-area and uniform coating of perovskite layers at a low cost.
Modified CVD also offers many other advantages such as being solvent-free, high compatibility with
industrial manufacturing, and easy integration with other solar technologies to form tandem cells (or
perovskite—perovskite tandem cells). In this review, we present the recent development of perovskite
solar cells and modules prepared by modified CVD. We first discuss the differences between modified
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Accepted 29th September 2021 CVD and solution coating processing. We then summarize the present results from the cost-
performance analysis point of view to show the potential of modified CVD for scalable fabrication of

DOI: 10.1035/d1ta06459b perovskite solar cells and modules with low cost. At the end of this review, we outline several future
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1. Introduction

Perovskite solar cells and modules are moving towards indus-
trialization at a fast speed with the small area cell efficiency
reaching 25.5% (0.0954 cm?), the larger area cell efficiency of
22.6% (1.0189 cm?), and the mini-module efficiency up to
20.1% (designated area = 63.98 cm?).%?> However, we can still
clearly see the gap from small area cells to modules, with
a relatively sharp decrease in efficiency upon increasing area.’?
Currently, many researchers are focusing on the strategies such
as reducing non-radiative recombination, lowering the defect
density, and optimization of the interface for charge transfer, to
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further reduce the energy loss and enhance the efficiency to
approach its theoretical limit.* But to realize the eventual large-
scale application, there still remain several grand challenges
besides the efficiency. The first issue is the processing up-
scalability, i.e., obtaining a high efficiency on large scale.
Usually with the scale-up of the area, the module efficiency
decreases, with around 0.8% per decade area increase (i.e., the
absolute power conversion efficiency (PCE) value decreases by
about 0.8% when the device area increases by an order of
magnitude).>® However, for perovskite solar modules, the decay
rate is larger.> Technologies developed to fabricate perovskite
solar modules are more complicated compared with small cells.
So far, solution coating process and vapor deposition process
are both explored to fabricate large-scale solar modules.”

Vapor deposition is a mature deposition technique in
photovoltaic industry and is favorable for large-scale deposition
of uniform films with conformal coating. Vapor deposition
includes vacuum deposition and chemical vapor deposition
(CVD). Vacuum deposition normally requires a high vacuum,
while CVD normally operates under low pressure or even close
to ambient pressure. Elimination of high vacuum requirement
in CVD helps reduce fabrication cost. Furthermore, the modi-
fied CVD deposited perovskite films and devices showed a high
stability due to inert atmosphere or low-vacuum annealing
process and the elimination of organic solvent during the
perovskite deposition process.®**

Till the time we write this review, there have been over 70
research publications related to modified CVD deposition of
perovskite materials for optoelectronic and photovoltaic appli-
cations since the first demonstration in 2014.*'** Modified
CVD shows a great potential in fabrication of perovskite layer-
son large area with compositional tuning, nano/microplates
single crystals," nano-fibers, and patterning of perovskite
films.” The versatile deposition of the perovskite layer by
modified CVD is promising for various applications, including
solar cells/modules,'*"” light-emitting diodes,"® photodetec-
tors,'*' phototransistors,*” resistive switching devices,* and so
on. This review mainly focuses on the deposition of perovskite
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films by modified CVD and its application in fabrication of solar
cells/modules. The contents of this review include: (i) various
modified CVD techniques developed for perovskite materials
including the thin-film unique features and formation kinetics
(Section 2); (ii) recently developed rapid CVD for high-quality
perovskite layers (Section 3); (iii) the factors that influence the
quality of perovskite layers and related techniques such as
doping, composition tuning to improve the quality of perovskite
layers and device performance (Section 4); (iv) the differences
between solution-coated and modified CVD deposited perov-
skite layers (Section 5), especially the state-of-the-art research
works focusing on perovskite layers and device stability by the
modified CVD process; (v) the potential of modified CVD for
textured perovskite/Si two-terminal tandem photovoltaic
devices (Section 6); (vi) the potential of modified CVD for flex-
ible devices (Section 7); (vii) the cost-performance analysis and
the potential of modified CVD for commercialization (Section
8); (ix) the perspective and outlook for modified CVD for large
area and high-efficiency perovskite solar modules (Section 9).

2. Modified CVD deposition of
perovskite materials

Use of CVD to prepare high quality and uniform coatings has
been developed for many years as a mature thin film deposition
technology, and its potential to prepare perovskite materials
has been demonstrated in the early stage during the develop-
ment of perovskite solar cells. In 2014 Qi and coworkers
developed the hybrid CVD (HCVD) method to prepare CH;-
NH;PbI; (MAPDI;) films and demonstrated the first perovskite
solar cells based on CVD deposited MAPbI;.* This process
enables independent control of deposition parameters (e.g., the
carrier gas flow rate, reaction temperature, pressure, etc.) and is
particularly attractive because of its up-scaling capability,
industrial-level manufacturing compatibility, and high batch-
to-batch reproducibility. In the same year, Xiong and
coworkers reported deposition of lead halide nano-platelets on
muscovite mica substrates via van der Waals epitaxy in a vapor
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Fig. 1 Schematic drawing showing the various types of modified CVD to prepare perovskite materials. (a) Double-zone HCVD process.®
Published by The Royal Society of Chemistry. (b) Single-zone HCVD process. Reproduced from ref. 24 with permission from The Royal Society of
Chemistry. (c) One-step HCVD process. Reproduced from ref. 25 with permission from Springer Nature. (d) Ambient pressure AACVD process.
Reproduced with permission from ref. 26. Copyright 2019 American Chemical Society. () Ambient pressure double-zone HCVD process.
Reproduced from ref. 27 with permission from The Royal Society of Chemistry. (f) MA gas with HI vapor-based CVD process; reproduced from
ref. 28 with permission from John Wiley & Sons.

transport CVD deposition system, and the as-grown platelets Their prepared lead halide perovskite nano-platelets exhibited
were converted to perovskites by a gas-solid hetero-phase a high crystal quality and good optical properties.** Also in the
reaction with methylammonium (MA) halide molecules." same year, Lewis and O'Brien prepared films of MAPbBr; on

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. A, 2021, 9, 22759-22780 | 22761
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glass substrates using aerosol-assisted chemical vapor deposi-
tion (AACVD)."* However, no solar cell device results were re-
ported in these two studies.>**

Based on the formation reaction mechanisms, modified CVD
deposition of perovskite materials can be divided into several
categories with different furnace designs, positions of the
precursor, temperature zone control and pressure control as
shown in Fig. 1. The formation of perovskite can be performed
in a low vacuum or an ambient pressure condition. The
precursor vapor can be sublimated from solid powder or
formation of mist by ultrasonication of a precursor solution.
The precursor can also be more than just Pbl, and MAI but with
MA gas and HI vapor for the rapid formation of perovskite
materials. This section will introduce these modified CVD
techniques that have been developed so far.

2.1 Hybrid CVD (HCVD)

2.1.1 Double zone HCVD. In this method, the deposition of
perovskite materials can be divided into two steps. The first step
is the deposition of inorganic lead-containing precursors e.g.,
Pbl,, PbCl, or PbBr,.* The second step is the deposition of
organic halide vapor sublimated from powder precursor sour-
ces in a dedicated heating zone (Fig. 1a),® which is unlike
traditional CVD where the vapor precursor flows from the tube
inlet. The first demonstration of HCVD of perovskite solar cells
was reported in 2014 with the reaction of eqn (1).® Alternatively,
the inorganic precursor PbCl, can be changed to PbI, (eqn (2)).
The initial trial of HCVD MAPbDI; perovskite solar cells showed
a PCE of 11%. Inside a furnace tube, the temperature and
pressure can be designed to be uniform in an established zone,
thus allowing for uniform deposition. The easy control of
flowing carrier gas and pressure also guarantees the reproduc-
ibility of this coating process.

3MAIy, + PbClys, = MAPbI; + 2MACl, (1)
MAI(g) + PbIz(s) = MAPDI; (2)

As can be seen in Fig. 1a, there are two zones for the HCVD
process, with one zone dedicated for the sublimation of organic
halide precursor and the other zone for the sublimed organic
halide precursor to react with the substrates that have been
already pre-deposited with lead halide. In this case, the
temperatures of each zone can be independently controlled.
The parameters including the pressure, temperature, flowing
gas and deposition time can be tuned to control the film
formation. The diffusion of vapor precursor follows the relation
of Dy o T°*/P (where Dy is the gas diffusion constant, T is the
temperature, and P is the pressure). A balance between the
condensing/diffusion of organic halide vapor and the reaction
for the formation of perovskite should be considered. With
a higher pressure and temperature in the organic precursor
loaded zone, there will be a higher organic precursor vapor
pressure. On the other hand, a higher organic precursor vapor
pressure leads to a faster deposition of organic precursor on the
Pbl, substrate in the second zone. If the condensation of
organic precursor is faster than the diffusion and reaction rate

22762 | J. Mater. Chem. A, 2021, 9, 22759-22780
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with Pbl,, extra organic halide salt will be deposited, which
might deteriorate the film quality. If the condensation of
organic precursor is slower than the diffusion and reaction rate
with Pbl,, a longer time is required for the complete formation
of perovskite. The diffusion and reaction rate between organic
precursor and Pbl, is determined by the temperature of the Pbl,
loaded zone. By controlling the temperature of the two zones
and the pressure in the tube, a balance between condensing,
diffusion, and reaction for the formation of high-quality
perovskite can be achieved. A more detailed mechanism is
introduced in the following section.

The deposition of inorganic lead precursor film can be
solution coating process or a thermal evaporation process.
Because the film formation process of this inorganic lead
precursor film is not a limiting factor for large area and uniform
deposition of perovskite, this film deposition is more flexible.
With a spray-coated PbI, as the inorganic precursor, the waste
of toxic Pb could be minimized compared with vacuum depo-
sition. Besides, a spray coating of Pbl, is suitable for large-scale
deposition at a low cost. As reported, the spray-coated Pbl,
combining with a double zone HCVD results in uniformity and
high-quality of the deposited perovskite film. Such perovskite
films, when used to prepare mini-modules, showed a PCE up to
15% with an area of 12 cm” (Table 1).%°

In a fully vapor-based deposition process, the morphology of
PbI, determines the quality of deposited perovskite films, which
can be affected by the deposition rate,* the carrier gas and the
environment.>*! Deposition rates of 3.5, 4.5 and 5.2 A s~ were
investigated and it was found that with a higher deposition rate,
the deposited Pbl, film showed a higher degree of orientation
along the (001) planes, in parallel to the substrates. Such
a textured Pbl, film is beneficial for MAI vapor intercalation. A
higher deposition rate also resulted in smaller Pbl, grains and
a smoother surface.’® While a lower deposition rate below 1 A
s~ is expected for a compact and smooth film,**° as it is applied
in most reported works, a higher deposition rate might further
improve the device performance.*® Besides the deposition rate,
the carrier gas of HCVD can be ambient air with a low vacuum,
as shown in Fig. 2.° As reported, a post-annealing treatment is
required for the complete formation of high-quality MAPbI,.®

The compositions of perovskite are versatile in HCVD.
Because MA-based perovskite is not stable under high temper-
ature, CH(NH,), (FA) based perovskite has been intensively
studied in recent years. With the replacement of MA with FA,
the bandgap is reduced approaching the optimal value for
single-junction solar cells. Recently pure FA-based perovskite
solar cells have shown certified efficiency of 25.2%.*** HCVD
has also been used for fabricating large area FA-based perov-
skite solar cells.*** The sublimation of FAI vapor and the
reaction between the FAI and Pbl,/PbCl, is crucial for forming
a stoichiometric FAPDI; film (eqn (3) and (4)).

FAI(g) + PbIz(S) = FAPbI3 (3)

2F Al + PbCly) = 2FACl, + Pbl, (4)

This journal is © The Royal Society of Chemistry 2021
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Tablel Summary of the perovskite solar cells and modules fabricated by CVD. The charge carrier lifetime and operational lifetime of the devices
have also been summarized®¢

Technique Area Efficiency Voc Jsc Charge carrier  Lifetime
Device structure for perovskite  (cm?) (%) \%] (mA em™2)  Fill factor lifetime (ns) (h) Ref.
FTO/c-TiO,/m-TiO,/MAPbDI;/ Double zone-  0.09 10.8 0.92 19.1 0.62 NA 1100° 8
spiro-MeOTAD/Au HCVD
FTO/c-TiO,/m-TiO,/ Double zone-  0.09 14.2 1.03 20.9 0.66 NA 155 daysb 34
FAPbI,_,Cl,/spiro-MeOTAD/ HCVD 1 7.7 0.97 184 0.43 NA NA
Au
FTO/c-TiO,/MAPbI;/spiro- Double-zone 0.12 12.73 0.91 1.7 0.645 34 NA 9
MeOTAD/Ag HCVD
FTO/c-TiO,/MAPDI;_,Cl,/ Single-zone 0.062 16.8 1.04 21.7 0.75 NA NA 71
spiro-MeOTAD/Au HCVD
FTO/c-TiO,/MAPDI;/spiro- Single-zone 0.12 12.2 0.952 21.0 0.61 NA NA 24
MeOTAD/Ag HCVD
FTO/c-TiO,/m-TiO,/MAPbDI;/ Single-zone 0.16 14.7 1.05 22.63 0.60 NA 31 daysb 38
spiro-MeOTAD/Au HCVD
FTO/c-TiO,/MAPbI;/spiro- One-step NA 9.2 0.95 15.9 0.61 10 NA 25
MeOTAD/Au HCVD
FTO/c-TiO,/MAPbI,_,Cl,/ 11.1 0.97 18 0.64 120
spiro-MeOTAD/Au
ITO/ZnPc/MAPDI;/Ceo/BCP/Al  Single-zone 0.032  11.6 0.96  17.26 0.70 NA NA 30
HCVD
FTO/c-TiO,/m-TiO,/MAPDI;/ Double-zone 0.09 15.6 1.06 21.7 0.68 NA NA 10
spiro-MeOTAD/Au HCVD
FTO/c-TiO,/m-TiO,/FAPbI;/ 2.0 10.4 1.02 19.5 0.53
spiro-MeOTAD/Au 8.8 9.5 0.98 16.9 0.57
12.0 9.0 0.94 17.8 0.54
FTO/c-TiO,/m-TiO,/MAPbDI;/ Double-zone 0.06 17.6 1.00 23.0 0.77 ~200 NA 31
spiro-MeOTAD/Au HCVD
FTO/c-TiO,/m-TiO,/MAPbDI;/ MA gas + HI 0.09 15.3 1.05 20.6 0.71 NA 133 daysb 55
spiro-MeOTAD/Au vapor
FTO/c-TiO,/m-TiO,/MAPbDI;/ Single-zone 0.24 14.99 1.04 19.19 0.74 NA NA 72
spiro-MeOTAD/Au HCVD
FTO/c-TiO,/MAPDI;/spiro- 0.24 15.37 0972  21.15 0.75
MeOTAD/Au
FTO/c-TiO,/m-TiO,/MAPbDI;/ 8.4 6.22 2.93 3.43 0.61
spiro-MeOTAD/Au
FTO/c-TiO,/m-TiO,/MAPbDI;/ Double-zone 0.11 18.90 1.06 22.08 0.80 NA NA 27
spiro-MeOTAD/Au HCVD
(ambient
pressure)
ITO/PTAA/MAPDI;/PCBM/ZnO/  Double-zone NA 15.4 0.955 22.7 71.0 2.4 NA 73
Al HCVD
FTO/c-TiO,/m-TiO,/ Single-zone 0.12 14.45 0.906  22.858 0.698 NA 7 daysb 43
Csg.15FA¢ g5Pbl;/spiro- HCVD
MeOTAD/Ag
FTO/c-TiO,/MAPDI;_,Cl,/ Single-zone 0.09 11.5 0.91 18.33 0.67 NA NA 74
spiro-MeOTAD/Au HCVD
FTO/c-TiO,/m-TiO,/ Double-zone 0.1 16.6 1.00 22.00 0.752 NA 20¢ 75
CS0.07FA¢.03PbI,/spiro- HCVD 12.0 14.6 5.84 3.67 0.681 NA
MeOTAD/Au
FTO/c-TiO,/m-TiO,/ Single-zone 0.2 19.10 1.08 21.91 0.8036 NA 67
(PEA,MA,,_,Pb,I;,,,)/spiro- HCVD
MeOTAD/Au
FTO/SnO,/ Single-zone 0.16 17.79 1.065 22.88 0.712 ~300 NA 40
Cs0.24FA¢ 76Pbl;_,Bry/spiro- HCVD 4125  12.24 9.16 2.25 0.526
MeOTAD/Au
FTO/c-TiO,/CsPbBr;/carbon Single-zone 0.12 5.38 1.13 6.79 0.70 NA 21 days” 76
HCVD
FTO/c-TiO,/m-TiO,/MAPDI;/ Double-zone 0.06 16.9 1.01 24.2 0.69 NA NA 77
spiro-MeOTAD/Au HCVD

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. A, 2021, 9, 22759-22780 | 22763
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Table1 (Contd.)

Technique Area Efficiency Voc Jsc Charge carrier  Lifetime
Device structure for perovskite (cm?) (%) \%) (mA em™2)  Fill factor lifetime (ns) (h) Ref.
FTO/c-TiO,/ Single-zone 0.09 18.22 1.06 22.82 0.754 NA 1400° 42
Cs.15FA g5PbI, g5Br 15/Spiro- HCVD
MeOTAD/Au
FTO/c-TiO,/MAPDI;/SWCNT Single-zone NA 7.9 0.91 15.5 0.56 NA 5007 78

HCVD
FTO/c-TiO,/MAPDI;/spiro- Single-zone 0.09 15.5 1.03 20.46 0.73 NA NA 66
MeOTAD/Au HCVD
FTO/c-Ti0,/Csy 1FAg oPbI,/ Single-zone NA 16.39 0.99  22.87 0.7482 21 30 days 79
spiro-MeOTAD/Au HCVD
Ti/c-TiO,/m-TiO,/FAPbI;_,Cl,/  Single-zone 0.05 10.79 0.95  15.14 0.75 NA NA 80
spiro-MeOTAD/Au HCVD
FTO/c-TiO,/m-TiO,/ Double-zone 0.1 16.2 1.03 21.1 0.74 NA 535°¢ 29
FAPDL,Br;_,/spiro-MeOTAD/ HCVD 2.0 16.1 1.03 21.1 0.74 NA
Au 12.0 14.7 6.29 3.55 0.66 388°
FTO/SnO,/Cgo/ Double-zone 0.09 13.3 0.90 20.2 0.67 40 500° 16
Cs0.1FA¢.oPbl, oBr, 1/spiro- HCVD 91.8 9.34 13.55 1.16 0.596
MeOTAD/Au
FTO/c-TiO,/m-TiO,/MABil;/ CVD 0.19 0.02 0.39 0.13 0.3896 NA NA 81
spiro-MeOTAD/Au
FTO/c-TiO,/PCBM/MAPDI,/ Single-zone 0.09 12.2 0.922 18.7 0.71 NA NA 82
spiro-MeOTAD/Au HCVD
FTO/SnO,/ Single-zone 0.16 17.66 1.021  21.96 0.789 NA 60 daysb 44
C80.24FAg 76Pbl3_,Br,(StT)/ HCVD 16.07  13.92 6.280  3.29 0.674 NA NA
spiro-MeOTAD/Au
FTO/c-TiO,/Cygo/ Single-zone NA 18.08 1.08  23.75 0.704 NA 30 days® 68
(PEA,MA,,_1Pb,I3,,.1)/spiro- HCVD
MeOTAD/Au
FTO/c-TiO,/m-TiO,/MAPDI,/ MA gas + HI 0.325 12.9 1.04 18.6 0.67 NA NA 28
spiro-MeOTAD/Au vapor
ITO/PTAA/ Double zone 0.27 10.6 0.95 17.5 0.6 55 NA 60
C80.24FA 76Pbl;_,BI,/ZnO/ HCVD
AZO/Ni-Al-grid
FTO/Sn0O,/Csy 1FA( oPblIs/ Double zone 0.1 15.5 0.99 22.3 0.702 NA NA 17
spiro-MeOTAD/Au HCVD 22.4 12.3 6.8 2.7 0.672
FTO/SnO,/ Single zone 0.148 19.59 1.127  22.63 0.768 ~270 NA 36
Rby.04CS0.14FA¢ s6Pb(BLL, ,);/  HCVD 10.0 15.13 6.243  3.51 0.70
spiro-MeOTAD/Au
FTO/SnO,/ Single zone 0.16 19.6 1.13 22.20 0.78 ~150 NA 65

Rby.04CS0.14FA0 s6PD(BIl1 )3/
spiro-MeOTAD/Au

HCVD

@ ¢-TiO,: compact TiO, layer. m-TiO,: mesoporous TiO,. ? Storage stability. © Operational stability. ¢ Voc: open-circuit voltage; Jsc: short-circuit

current.

It is proposed that PbCl, is a better inorganic precursor than
Pbl,, because Cl is smaller and allows for easier halide
exchange.*® In addition, the presence of Cl can help improve the
film quality. However, it is hard to control the stoichiometry of
perovskite films with vapor deposition of the organic compo-
nent. The substrate loaded at different positions of the double
zone furnace has different temperatures due to the temperature
gradient, and the amount of deposited FAI also varies.** The
under-saturation and over-saturation reactions happen in the
near high-temperature side and near low-temperature side,
respectively. Thus, precise control of deposition time and the
substrate position is required. Both under-saturation and over-
saturation conditions decrease the device performance. In the
case of over-saturation conditions, although the prolonged

22764 | J. Mater. Chem. A, 2021, 9, 22759-22780

annealing process can re-sublimate the over-saturated organic
component and it is a reversible process, the grain size gets
smaller.>* Low-pressure vapor deposition gives precise control
in film thickness and microstructure. But problems arise in
controlling the stoichiometry of the inorganic-organic compo-
nents as Pbl, often remains in the resulting films.*”

Tuning the inorganic precursor composition is an alternative
strategy for perovskite composition adjusting. Considering that
the Cs-FA double cation perovskite is promising for high
performance, phase stable and thermal stable solar cells, co-
evaporation of CsBr/Pbl, at the first stage has been reported.*®
In the second step with the deposition of FAI, a mixed cation,
mixed halide perovskite Csq1FAqoPbl, oBr,; with a large area
was obtained (Fig. 3). This is the largest reported perovskite

This journal is © The Royal Society of Chemistry 2021
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Reprinted with permission from ref. 9. Copyright 2015 American Chemical Society.

solar module fabricated by HCVD so far (Fig. 3a and b). The area
can be readily scaled up with a larger furnace tube.

2.1.2 Single-zone HCVD. Besides a double zone HCVD
process design, a single zone reaction by putting the inorganic
precursor thin film and organic precursor powder/film at the
same position has been reported (Fig. 1b).>* The relative posi-
tion between the inorganic and organic precursor can be face-
to-face, in the vertical direction with the organic precursor in
the bottom, or placed in the same horizontal plane with the
organic precursor in the upstream of carrier gas.*® This process
can also be considered as a vapor-assisted solution process in
a low vacuum.*® By balancing the organic powder sublimation
and reaction rate with the inorganic precursor through the
control of temperature, deposition time and pressure, a series
of stoichiometric perovskite films with different compositions
were deposited. A single zone process is easier to operate
compared with a double zone process. However, a double zone
process allows the control of the sublimation of organic vapor

Fig. 3
of 91.8 cm?.16 Published by The Royal Society of Chemistry.
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and deposition on the substrate separately. The position and
orientation of the substrate, the distance between the organic
precursor and inorganic precursor are important factors influ-
encing the film quality and device performance, which need to
be taken into account when designing experiments.*’

A tubular furnace with a single zone for CVD was applied for
the deposition of MAPDI; (Fig. 1b). Similarly, the closed space
sublimation can be considered as single zone CVD. A CsMAPbI;
with efficiency approaching 20% has been achieved with the
closed space sublimation by putting CsCl/PbCl, above an MAI
thin film under controlled temperature.** Tong et al. converted
a sequentially evaporated CsBr/Pbl, stack with FAI for 100
minutes at 140 °C to realize a compositionally graded absorber
and achieved an opaque device with a PCE of 18.2% (0.09
cm?®).” The mixed inorganic cation species can also be intro-
duced in the first step by a solution coating of CsI/Pbl,.*
Recently, with a homemade chamber, the mixed cation, mixed
halide perovskite has been reported with the single zone CVD,

20{PCE = 9.34% ?

Designated area = 91.8 cm? )’

00 2 4 6 8 10 12 14
Voltage (V)

(a) An optical photograph and (b) /-V curves of a HCVD deposited perovskite solar module on a 100 cm? substrate with a designated area
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which showed an efficiency up to 19.6%, which is currently the
highest PCE for perovskite solar cells by CVD.***

2.2 One-step CVD

A one-step CVD has been developed for the fabrication of
perovskite layers (Fig. 1c).>® The one-step CVD is similar to
one-step co-evaporation, butin a low vacuum and at a low cost.
Due to the low vacuum condition, a higher temperature is
required for material sublimation and vapor transport. As
shown in Fig. 1c, the schematic drawing shows the furnace for
the one-step CVD. A high temperature for Pbl, or PbCl, is
required in the first zone. In the upstream before the high-
temperature zone, the organic precursor (i.e., MAI) is loaded
in a lower temperature region. Subsequently, carrying with
argon gas, the Pbl,/PbCl, and MAI vapor transport to the
substrate in the downstream and form the perovskite.* For the
formation of perovskite, after the deposition of inorganic and
organic vapor, the substrate was annealed in situ in the second
zone for the complete conversion. Comparing Pbl, with PbCl,
precursor, it is found that the presence of Cl helps minimize
the morphological and energetic disorder of the deposited
film. The presence of Cl is detected in the perovskite film,
which accounts for a longer carrier lifetime (Table 1).>* The
highest efficiency of 11.1% has been obtained by this one-step
CVD. This one-step CVD is also suitable for other composi-
tions by selecting the precursor and controlling the tempera-
ture and pressure. For example, MA;Bi,l, (ref. 45) and CsPbBr;
(ref. 46) have been reported by one-step CVD. For the MA;Bi,],
and CsPbBr;, the sublimation temperature of the precursor is
similar, thus the precursor powder can be put in more close
positions.

2.3 Ambient pressure CVD

The ambient pressure CVD can be referred to as aerosol-assisted
chemical vapor deposition (AACVD) and ambient pressure

View Article Online
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HCVD."” AACVD is an ambient-pressure CVD technique in
which that via nebulization of precursor molecules, the aerosol is
transported by an inert carrier gas such as argon or nitrogen to
a substrate surface (Fig. 1d).?® Similar to spray coating, AACVD
also requires the ultrasonic vaporization of the solution and
formation of mist. AACVD can be a one-step or two-step process.
The one-step AACVD is to deposit the perovskite precursor with
the carrier gas.>® The two-step deposition is to deposit Pbl, or
PbBr, by either vapor or solution coating in the first step®® and to
react with the mist mainly consisting of the organic halide
precursor, e.g., MAI, MABr, FA], etc. in the second step. In this
way, the composition can be readily controlled by changing the
organic halide precursor solution and the deposition takes place
at a relatively low temperature. Various perovskites have been
successfully deposited on glass or FTO/TiO, substrates, including
MAPDBr;,"*  MAPDI;,**”*7#°  MAPb(Br;_,Cl,)3,>° CsPbBr,I,*
bromine doped MAPbI;,*> and double perovskite Cs,Snl, (ref. 53)
by AACVD. Although AACVD has been developed in the early
stage for the deposition of perovskite film, to our best knowledge,
none of the deposited perovskite films has been incorporated
into a working solar cell device.

Another reported ambient pressure CVD for the deposition
of MAPbI; is schematically shown in Fig. 1e.”” The vapor-
ization of MAI is induced by hot air at a temperature of 180 °C
and with a humidity of 10%. The diffusion of MAI vapor
happens from the surface to the bottom, thus the morphology
of the Pbl, film significantly influences the perovskite film
quality, as shown in Fig. 4a. A mesoporous PbI, is beneficial
for MAI vapor diffusion and a larger grain size is obtained
compared with conventional compact Pbl, (Fig. 4b and c). The
perovskite layer prepared using mesoporous Pbl, is also of
higher quality, which showed a high PCE up to 18.90% with an
active area of 0.1 cm?.>” The mesoporous Pbl, can be deposited
by adding dimethyl sulfoxide (DMSO) into the PbI, precursor
solution, which is better for formation of amorphous Pbl, and
MAI vapor diffusion.®® However, the process might not be

a Pbl, substrate

|. Vapor-solid reaction

Il. In situ annealing

Fig. 4

(a) Perovskite formation mechanism with MAI vapor diffusing into Pbl,. Effect of (b) compact Pbl, and (c) mesoporous Pbl, on the

formation of perovskite. Reproduced from ref. 27 with permission from The Royal Society of Chemistry.
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Fig. 5 Schematic drawing showing the formation of perovskite by the reaction between (a) Pbl, and MA gas (with the assistance of moisture in
ambient air).>* Published by The Royal Society of Chemistry. (b) HPbls and MA gas. Reproduced from ref. 56 with permission from Springer

Nature.

suitable for FAPbI; perovskite due to its sensitivity to
moisture.

2.4 CVD of perovskite with CH;NH, gas and HI vapor

The perovskite can be formed by a rapid reaction between Pbl,
and CH;3;NH, vapor with the assistance of moisture in ambient
air or in a tube furnace in a low vacuum.* A systematic study
and schematic drawing showing the reaction and formation of
perovskite are depicted in Fig. 5. The reaction happens rapidly
in a few seconds. The volatile and excess MA gas leaves the film,
and results in a final mirror-like smooth film consists of MAPbI;
perovskite and byproducts such as PbO and Pb(OH),. The
byproducts can be reduced by exposing one or multiple cycles of
HI vapor exposure and MA vapor exposure, which can lead to
higher performance in perovskite solar cells. The highest effi-
ciency reaching 15.3% was obtained.>

A modified CVD process has been designed recently based
on the above-mentioned research, and the scheme of the tube

This journal is © The Royal Society of Chemistry 2021

furnace set-up for purging MA gas and HI vapor is shown in
Fig. 1f*® Considering the mechanism for the formation of
perovskite by this method, a suitable humid air is required as
the carrier gas. Between the purging of MA gas and HI vapor,
a vacuum pumping process is applied. A PCE of 11.7% has been
obtained by this CVD setup. Although the remaining PbO and
Pb(OH), in the film could not be detected by X-ray diffraction
(XRD), the X-ray photoelectron spectroscopy (XPS) measure-
ment showed that these species were present at least on the
surface of the final film.”® The purging with MA gas and HI
vapor at the same time might help reduce the amount of
byproducts. However, the reaction between MA gas and HI
vapor for the formation of MAI is too fast to be precisely
controlled before inserting the Pbl, layer.>

To eliminate the byproducts, an alternative strategy is to apply
HPbI; as a precursor instead of Pbl,.”” The reaction between
HPbI; and MA gas can form stoichiometric MAPbI; thin films, as
shown in Fig. 5b.* The highly volatile MA gas can easily diffuse
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into HPbI; for the formation of high quality and thick perovskite
films. The presence of CI can further improve the film quality at
a film thickness up to 1.2 pm. The longest carrier lifetime of 500
ns is reported by this vapor-solid reaction process. PCEs of 21%
for small area solar cell (0.1 cm?) and 15.3% for the solar module
(12 em? active area) were obtained. More importantly, the high-
quality thick film is promising for high operational stability,
and the perovskite solar cell maintained 90% of its initial
performance after continuous AM 1.5G illumination over
2000 h.*®

2.5 CVD growth of perovskite single crystals

High quality perovskite films have been demonstrated by the
above-summarized CVD processes. Furthermore, these CVD
processes can deposit perovskite single crystals with elaborate
modifications.**®*** A HCVD has been applied with MAI
deposition on vacuum deposited Pbl, platelets (Fig. 6a). The
conversion happens with the insertion of MAI into the PbI,
crystal structure accompanied by an expansion of volume and
formation of platelets such as single crystals (Fig. 6b-d). The
diffusion length of electrons in the HCVD deposited single
crystals is up to 210 nm, which is beneficial for optoelectronic
applications such as light-emitting diodes and lasers.* A wet
chemical and AACVD process has been applied for the
synthesis of perovskite CsPbIBr, nanosquares and deposition
onto glass substrates.” The single crystalline nano/micro-
platelet perovskite can also be deposited by the one-step
CVD process.*® The size of the platelets can be tuned by

View Article Online
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adjusting the Pbl, platelets/powder, MAI powder, substrate
deposition location, temperature and time in the HCVD
process.*®

2.6 Formation kinetics of modified CVD deposited
perovskite

Although various modified CVD techniques have been intro-
duced in the previous section, the underlying principle is
similar, i.e., the sublimation or vaporization of organic vapor
and the transport of the vapor to the substrate pre-deposited
with the inorganic precursor film. Recently the isothermal
CVD process for the perovskite layers has been studied with
a dual-direction pumping system. In this system, the influence
of the sublimated FAI vapor during the ramping and cooling
process can be avoided and the study of the kinetics for
perovskite film formation is possible. The authors experimen-
tally confirmed that the temperature of the sources and
substrate influence the reaction stage. There is a balance
between the FAI vapor deposition amount and the reaction rate
with the bottom PbI,.%°

Regarding the overshoot during the ramping process and the
over-saturation of organic vapor, a rapid and precise heating
and cooling process is required."” By switching the pumping
direction and correspondingly changing the organic vapor flow
direction, the reaction kinetics between the vapor-solid has
been systematically studied (Fig. 7a and b).* In this case, both
ends of the furnace tube are connected to the carrier gas supply
and pump, which is flexibly switched. Before reaching the stable

a
Tube Furnace
s Lﬂ =__ ] p—
To vacuum Aror N
PbX, platelets CH,;NI,X source gas .
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Fig. 6
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Thickness of CH,NH,Pbl, platelets

(@) Schematical drawing showing the CVD deposition of perovskite single crystals with PbX, platelets as the precursor. (b) Structure of

PbX, platelets. (c) Structure of perovskite with the insertion of the organic halide into the crystal structure of PbX,. (d) The thickness of as-
deposited perovskite platelets as a function of the thickness of Pbl, platelets precursors. Reproduced from ref. 14 with permission from Jon Wiley

and Sons.
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temperature, the organic vapor is purged out directly with
a carrier gas, without passing through Pbl, substrate. By
switching the vapor gas flow direction, the deposition of organic
halide and conversion to perovskite takes place. With a precise
controlling of deposition time, the gas flow is switched to
a reverse direction again to prevent excess organic vapor depo-
sition, which is beneficial for stoichiometric perovskite forma-
tion. Furthermore, the conversion kinetics of the hybrid CVD
can be studied for each deposition step (Fig. 7c and d).

The conversion of the perovskite can be stopped at any time
by switching the vapor gas flow to a reverse direction (Fig. 7c).
The reaction progress or reaction fraction can be controlled by
the reversing of gas flow direction. The reaction rate is affected
by the temperature of organic sources and the temperature of
substrates, as shown in Fig. 7d. A combination of the two
temperatures balances the transport of organic vapor and the

This journal is © The Royal Society of Chemistry 2021

deposition and reaction of the FAI vapor and the CsBr/Pbl,
substrate. A 250 nm-thick CsBr/Pbl, film fully converted to
a high-quality perovskite within a short time of 8 min, as shown
in Fig. 7c. This is considerably short compared with the re-
ported total process time, which includes 1 to 3 hours of
annealing. The much longer process time in total is due to the
slow thermal response and ramping rate, and a long thermal
equilibrium time. If we only consider the reaction time, CVD is
a relatively fast technique for depositing perovskite films.*® A
higher temperature of the organic source increases the reaction
rate, which is due to a higher sublimation of organic vapor and
faster transport to the substrate. However, a higher temperature
of the substrate not always results in a higher reaction rate. This
is limited by the deposition of the organic vapor and the
diffusion of this organic vapor into the CsBr/Pbl, layers
(Fig. 7e). This study shows a clear clue for the design of CVD
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performance.*® Published by The Royal Society of Chemistry.

setup for high quality and uniform perovskite layers. As proof of
concept semi-transparent perovskite solar cell with 9.7% has
been obtained without any post-treatment process.
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2.7 Scalability of modified CVD for fabricating perovskite
solar cells/modules

One of the most promising advantages of vapor deposition is
scalability. As summarized in several review articles, the
currently reported perovskite solar cells show markedly
decreased performance with increasing area, compared with
other mature photovoltaic techniques.»® The main reason is
that film uniformity can not be preserved when increasing from
small to large area. Modified CVD can potentially address this
issue. When HCVD is used to fabricate perovskite solar
modules, as the area increases from 0.1 cm? (13.4% PCE) to 91.8
cm” (designated area, 9.3% PCE) the efficiency decay rate is
1.3% per decade area (Fig. 8). This decay slope is similar to
other mature photovoltaic techniques (in the range 0.8-1.0%
per decade area).® It is worth noting so far the cell and module
efficiencies are still lower than solution-processed devices. One
of the main limitations comes from the poor quality of the
electron transport layer (ETL) after a long time of vacuum
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(a) Schematic drawing showing the steps of rapid HCVD for perovskite films.?” Published by The Royal Society of Chemistry. (b) Rapid

formation of high-quality perovskite films with fast halide anion exchange process. Reprinted from ref. 36 with permission from Elsevier.
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annealing inside a tube furnace.'®'”** This vacuum annealing
process increases the density of gap states above the valence
band of the ETL and increases interface charge recombination,
which deteriorates the device performance.'®” The vacuum
annealing process will take away some oxygen from SnO,
surface and deteriorates its optical/electronic properties, which
forms the gap states and decreases the junction performance in
solar cells.®> These gap states are associated with Sn-5s electrons
that become occupied as the surface reduces to form a Sn**
surface layer.®»** With reduced vacuum deposition time, the
cells (15.1% for 0.1 cm?) and modules (12.3% for 22.4 cm?
designated area) efficiencies both increased, although still are
not comparable with the solution processed devices yet.'”**

3. Rapid HCVD of perovskite films

Because the vacuum annealing process might deteriorate the
quality of charge transport layer, reduced vacuum annealing
time can be beneficial. To reduce the vacuum annealing time,
one needs to consider the thermal transfer processing time and
annealing processing time. A possible alternative is to change
the conventional heating element of filament to infrared radi-
ation heating. The rapid thermal process has been recently
developed by Qi and coworkers.” The ultra-fast ramping and
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deposition has been obtained and the CVD time has been
reduced from 2-3 hours to 10 min, which is on the same order
with the above-mentioned study on the HCVD kinetics.*® Fig. 9a
shows the schematic drawing of the rapid HCVD for high-
quality perovskite films, with rapid ramping, efficient anneal-
ing, and cooling, by infrared radiation and moving of heating
element. In this system, the quality of electron transport layer
has been better maintained, with fewer band-gap states above
the valence band and hence higher electron mobility. The solar
cell/module performance has been improved accordingly.'”
Another consideration for increasing the gas-solid reaction
and reduction of deposition time is from the fast halide anion
exchange.**® It has been reported that, with a smaller radius,
chloride moves faster than iodide in a gas-solid reaction
process. On the other hand, when exposed to an iodide envi-
ronment, the rapid exchange between chloride and iodide
happens. As shown in Fig. 9b, with a two-step deposition, and
the formation of an intermediate phase by deposition of FACI in
the first step, the formation of perovskite was much faster.*® The
second step for the formation of perovskite was around 5 min.
This process was used to fabricate perovskite solar cells, and an
efficiency up to 19.6% was obtained (0.16 cm?). Addition of FACI
with FAI in the organic vapor also improved the quality of
perovskite layer and the module performance. By incorporation
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(a) Schematic drawing showing a sequential deposition of CsBr/PbBr, and CVD of FAI for high quality perovskite films and devices.

Reprinted from ref. 42 with permission from Elsevier. (b) Mixed halide perovskite stabilized by Srl, doping and CVD deposition of FAI/FACL
Reproduced from ref. 44 with permission from The Royal Society of Chemistry. (c) 2D/3D perovskite deposited by the CVD process of MAI
reacting with Pbl,/PEAI. Reproduced from ref. 67 with permission from John Wiley and Sons.

This journal is © The Royal Society of Chemistry 2021

J. Mater. Chem. A, 2021, 9, 22759-22780 | 22771


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ta06459b

Open Access Article. Published on 30 September 2021. Downloaded on 12/11/2025 5:21:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

of FACI, perovskite solar modules with efficiencies of 15%
(active area of 12 cm?),*® and 12.24% (active area of 41.25 cm?*)*
have been obtained.

4. Factors influencing the perovskite
layer quality and device performance

Based on the above discussion, to fabricate high-quality
perovskite thin films via these modified CVD methods, several
factors should be taken into account: the inorganic layer
morphology and composition, the thickness of the inorganic
layer, the organic vapor, and the carrier gas for organic vapor.

4.1 Morphology and composition of the inorganic layer

For vacuum deposited Pbl,, the deposition rate of Pbl, influ-
ences the crystal orientation and morphology. As discussed in
Section 2, a higher deposition rate results in higher device
performance.* On the other hand, for a solution coated PbI,
film, the solvent component also influences the resulting film
morphology and crystallinity. For example, by adding DMSO
into the solution, a porous and amorphous Pbl, film was ob-
tained, which was beneficial for gas vapor infiltration and
larger perovskite grains.”” This Pbl, precursor solution with
DMSO is applied to a spray coating technique, which was used
to fabricate perovskite solar modules with negligible Pb
waste.” Addition of CsI or CsBr into the PbI, layer can help
improve the phase stability of the resulting film.**'”** The
layer thickness of the perovskite is determined by the
complete reaction of the inorganic layer, due to a diffusion
barrier.®3*¢¢

Recently Rbl, Srl,, and KI have been added into the Pbl,
inorganic layer to tune the composition of the resulting
film.****%* On the other hand, a gradient composition can be
formed by deposition of the CsBr/PbBr, inorganic layer with the
FAI organic vapor (Fig. 10a).’*'7#>%° In this case, by using

N,/O;,
Carrier /
9 Glass/FTO/TiO,/PEl
— Substrate at T,

Type I: in N, at cooling rate of 8 °C/min
Type I: in N,/O, at cooling rate of 8 °C/min
Type I: in N, at cooling rate of 4 °C/min
Type I: in N,/O, at cooling rate of 4 °C/min
Type I: in N, at cooling rate of 0.7 °C/min
Type I: in N,/O, at cooling rate of 0.7 °C/min

Fig. 11
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sequentially deposited CsBr and PbBr, as inorganic layer and
FAI as the organic vapor source, a high quality and gradient
composition perovskite film was fabricated. The resulting film
consists of mainly I as anion and the result devices showed an
efficiency of 18%.** By adding the Rbl, SrI, and KI into the Pbl,,
the Br anion could be stabilized during the halide exchange
with FAI vapor. Mixed cation, mixed halide perovskite Csg 14-
FA, gPb(Br,I; ,); has been obtained with Rb, Sr or K doping.
The device efficiency was up to 19.6% (Fig. 10b).>***%* The use of
FACI to form an intermedia accelerated the halogen exchange
and perovskite formation, which may help reduce the defect
density in the bulk. As a result, small area cells with an effi-
ciency of up to 19.6% have been reported.*® This method was
further applied for the fabrication of large-area modules of
16.07 cm?, which demonstrate an efficiency of 13.9%.* 2D
perovskites have been investigated due to their higher thermal
and moisture stability. As a demonstration, PEAI has been
added into the Pbl, layer for the following CVD of MAI This
process formed a 2D/3D mixed perovskite with high quality and
the resulting device showed an efficiency of 19.10% for a small
area solar cell (Fig. 10c).5”%

4.2 Carrier gas and deposition environment

Either in a low or ambient pressure, the carrier gas is an
important component transporting the organic vapor to the
reaction zone.* In most of the reported works, an inert gas such
as N, or Ar has been applied as the carrier gas.*** Some of the
processes used humid air as the carrier gas.>”” However, in the
early stage, how the carrier gas might influence the film quality
was not addressed. Mimicking dry air, a carrier gas with N,/O,
(85%/15%) has been applied and compared with N,. It was
demonstrated that the high-temperature HCVD process con-
ducted in a condition of N,/O, (85%/15%) with a slow post-
deposition cooling rate can successfully reduce the density of
both the shallow and the deep level traps in MAPbI;, compared

aTypel 14=1.4:0.1ns; 12=38:1 ns
oType Il 14=3.5:0.1 ns; 12=50:1 ns
oType ll t4=15:1 ns; 1p=52:5 ns
aType IV 14=2.910.2 ns: 12=109:4 ns
° «Type V 14=11:1 ns; 12=176:8 ns
R $TYPe VI ©4=20:3 ns; 12=200:13 ns

PL Intensity (arb. unit)
(=]

0.01

200 300 400
Time (ns)

(a) Schematic drawing showing a HCVD and postdeposition annealing process under different carrier gas conditions and cooling rates.

(b) Charge carrier lifetime of the perovskite films deposited in different carrier gas conditions and postdeposition cooling rates. Reprinted with

permission from ref. 31. Copyright 2016 American Chemical Society.
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with a pure N, environment (Fig. 11a).** A champion device with
17.6% has been achieved with the careful control of defect
density and the CVD process. However, the effect of moisture
and oxygen is not clear yet, although there is a study proposing
that moisture and oxygen cause more defects inside the
perovskite layer (Section 5).”° At present, there are still different
opinions regarding how the carrier gas and environment
influence the film quality and defect density. Further studies
will be required to clarify such effects.

5. Difference between modified CVD
deposited perovskite films and solution
coated perovskite films

Although modified CVD has the potential for scalable fabrica-
tion of perovskite solar modules, the device efficiency still lags
behind those based on the solution processes. Understanding
the differences between solution-coated and CVD fabricated
perovskite films is important for the development of CVD based
large-scale and high-performance modules. So far only a few
reports focus on the film properties by CVD and solution
coating processes.”” Recently, the film quality and stability
based on different coating techniques have been studied
systematically. As shown in Fig. 12a, there are five coating
processes for MAPDbI; considering the coating techniques and
environment.” It is found that a full vacuum process and CVD
process in an inert N, environment showed the most stable
films under continuous light illumination. The films fabricated
in air or other two-step methods showed a fast degradation rate
under light illumination.” The steady-state photoluminescence
(PL) spectra also showed the highest intensity for the CVD based
film (Fig. 12b). By varying the laser power for the steady-state PL
measurement, the slope of the PL intensity as a function of laser
power provides the information regarding the defect states
inside the coated films (Fig. 12c). A slope close to 2 means that
both negative and positive charge carriers are trapped. With
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Fig. 13 A typical time-resolved photoluminescence (TRPL) spectrum
for an HCVD deposited perovskite with a carrier lifetime around 40
ns.'® Published by The Royal Society of Chemistry.
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a slope close to 1.5, either holes or electrons are trapped. A slope
close to 1 indicates exclusive free carrier recombination and
thus a very small number of defects and traps.** The authors
claimed that the fabrication in an inert environment could
reduce the defect states, as shown in Fig. 12d.” The CVD based
process showed the most stable perovskite films,** which is
consistent with previous reports.>® For FAPbI;, the film also
showed higher phase stability under a humid environment.**
However, this cannot explain why the performance of the device
based on HCVD is lower than the solution-based methods.*

On the other hand, by summarizing the data in Table 1, we
can hypothesize that one of the main differences between
solution-coated and modified CVD deposited perovskite films
may be the crystal quality, which leads to different carrier life-
times. The much shorter lifetime of CVD deposited films causes
a lower open-circuit voltage.* It can be seen that CVD deposited
perovskite layer has a typical carrier lifetime in the range of 10
to 100 ns, which is shorter than solution-coated perovskite
films. Table 1 summarizes the perovskite solar cells based on
CVD techniques. The related photovoltaic parameters and
perovskite film carrier lifetimes have also been listed. We can
see that the carrier lifetime and open-circuit voltage (Voc) are
relatively low compared with other reported solution-coated
films. Based on the carrier lifetime, the maximum open-
circuit voltage can be calculated. For example, a Csg1FA¢o-
PbI, ¢Br, 1 perovskite with 40 ns lifetime has a maximum V¢ of
1.04 V (Fig. 13)."® As a comparison, a solution-coated perovskite
layer, the carrier lifetime can be up to 500 ns.*

Controversially to the higher stability with fewer defects in
CVD deposited films, the shorter lifetime of carriers might be
a result of the defects inside the bulk, instead of the defects at
the grain boundaries. Such bulk defects may be the conse-
quence of vapor deposition of precursors and/or the slow
reaction rate between the gas and solid phase.®® However, for
the one-step solution coating process, the precursor is a colloid
of small crystals in the solvent.®*® The crystal growth process is
based on the nucleus, forming a high-quality grain inside the
bulk with some defects around the boundaries. For the two-step
solution coating process, the solvent and the ionized cations
and anions might help the diffusion and reaction process, as
shown in Fig. 12. We hypothesize that there might be a small
amount of PbI, that does not fully convert into perovskite
during CVD process. The unreacted Pbl, can stay inside the
bulk, instead of at the grain boundaries, therefore may not be
detected easily by XPS. Further research is needed to verify this
point.

The other obvious difference between CVD-deposited and
solution-coated films is the light absorbance. It has been
observed that with the same film thickness, the CVD-deposited
film is more transparent than the solution-coated film. The
surface of the solution-coated film is also more mirror-like.
Although there is no systematic research addressing this issue
yet, we hypothesize that the reasons might be related to the
surface morphology and grain size, and compactness. A more
compact and smoother layer can be deposited using solution-
based methods, which leads to mirror-like film surfaces.”™

This journal is © The Royal Society of Chemistry 2021
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Reprinted from ref. 92 with permission from Elsevier.

6. Modified CVD on textured surfaces
for tandem solar cells

Efficiency is one of the most important factors for a solar cell or
solar module. By constructing tandem structure solar cells, PCE
can be further improved over 30%.*” The application of
a perovskite/Si tandem cell is the most promising strategy.***°
In these high-performance solar cells, optical management
plays a vital role and the surface structure is important. A
textured structure improves light harvesting. However, it is
usually challenging to use traditional solution methods to coat
a perovskite film on the textured surface.®**® Via coating a thick
film on the textured Si substrate by a solution process, the
textured structure is smoothened and maintains part of the
anti-reflection properties.”® It is reported that with a fully
textured structure tandem solar cell, in which the perovskite
was conformally deposited by a vacuum deposited PbI,/CsBr
and solution coated FAI/MAI, the current density loss due to
reflection is reduced to 1.64 mA cm 2, compared with a flat
surface (3.14 mA cm™ %)t CVD is promising for the fabrication
of the perovskite layer on textured substrates, as shown in
Fig. 14.° By measuring the thickness uniformity and reflectance
of the perovskite film in a textured structure, the authors
confirmed that a uniform and conformal coated film was ob-
tained. In this work, Pb was introduced by sputtered PbO,
following the conversion to perovskite in MAI vapor. Although
a tandem solar cell with a CVD deposited conformal perovskite
layer has not been reported yet, it holds great potential for the
fully textured perovskite/silicon tandem solar cells/modules.”
Considering the current density match in a perovskite/Si
tandem solar cell, the perovskite layer with a large bandgap of
around 1.7-1.8 eV is required.*”* Due to the versatile tuning of
compositions, CVD is also suitable for large bandgap perovskite
deposition. CsPbl; has been deposited on three different pyra-
midal size texture surfaces via CVD. It is shown that all the
textured surfaces significantly reduce the reflectance by about

This journal is © The Royal Society of Chemistry 2021
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(@ and b) Schematic drawing and (c) optical photo showing deposition of the perovskite film by hybrid CVD on a textured Si substrate.

10%. Assuming a 100% internal quantum efficiency, this
reduction of reflectance equals around 2 mA cm ™2 short-circuit
density.”® Further efforts are needed for CVD-deposited
conformal pyramidal textured perovskite/Si tandem cells.

7. Modified CVD for flexible solar cells

CVD of perovskite is operated at a relatively low temperature
below 160 °C, which is compatible with flexible substrates.
Flexible perovskite thin films (CsPbBr;, and CsSnBr;) by CVD
have been obtained.?*** Although in these studies the perovskite
films are used in photodetectors and resistive switching devices,
they can also be used for the fabrication of flexible perovskite
solar cells.

On the other hand, due to a conformal coating feature, CVD
is useful for deposition of a perovskite layer on non-flat
surfaces, such as on the surface of a fiber. An interesting
fiber-shaped perovskite solar cell has been fabricated by the
versatile CVD technique, with a PCE up to 10.79% (Fig. 15).%°
Similar to the planar-type solar cells, the coating of porous Pbl,
around the fiber surface is needed for the effective diffusion of
MAI vapor. The CVD helps the formation of high-quality
perovskite layers on the curved fiber surface with a diameter
of 250 pum, compared with the two-step solution-coating
process. Currently the highest PCE is 10.79% for a fiber-
shaped perovskite solar cell.*

8. Cost analysis regarding modified
CVD and solution processing

When considering the cost-performance analysis, there are
several stages: (i) the fabrication cost for the perovskite solar
module per m?, including the glass substrate, processing of
perovskite solar module, frame, laminating film, junction-box
and testing, which are so-called balanced of module (BOM);
(ii) taken into account the PCE of the resulting module, one
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(a) Schematic drawing and (b) SEM image of fiber-shaped perovskite solar cells by CVD. (c) Cross-section SEM image of CVD deposited

perovskite solar cell on a curved fiber surface. Reproduced from ref. 80 with permission from John Wiley and Sons.

needs to calculate the fabrication cost per peak watt energy
power output; (iii) assuming the lifetime of the module,
combined with PCE degradation and average annual solar
illumination, one needs to obtain the total energy output in the
entire working life and the calculation of levelized cost of
electricity (LCOE). To compare the LCOE, the manufacturing
cost of a solar module, the PCE of the resulting module and the
operational lifetime all contribute to the final results. To
compare perovskite solar module manufacturing cost by solu-
tion process and CVD process, we assume the same module
structure with ITO as the substrate. The other components such
as glass substrate, lamination film and junction-box are also the
same. The materials cost is also assumed to be the same with
the same module area.

There are several works on the cost-performance analysis of
perovskite solar modules and tandem cells.** For the analysis,
several assumptions need to be clarified, e.g., the throughput/
capacity of the factory (MW per year), factory operation time
(hour per year), equipment footprint, factory location (in which
country, the labor cost, footprint cost, installation cost, sales tax
ext.), solar module efficiency (total area), solar module opera-
tional lifetime (degradation rate per year), and depreciation of
equipment. Here in this review, we only focus on the
manufacturing steps for perovskite layers. However, for the
understanding of the difference, the idea for the cost-
performance analysis and the above-mentioned assumptions
should be noted. The cost for the equipment, maintenance, and
the waste of raw materials will be taken into account.

Typically, the manufacturing cost for each square perovskite
solar module is in the range of 37 to 140 dollars per m>%*°

22776 | J. Mater. Chem. A, 2021, 9, 22759-22780

Based on these reports, the processing cost of perovskite
module structure only contributes to 24% of the total module
cost, which consists of glass substrates, processing of perovskite
solar module, frame, laminating film, junction-box and testing
(Fig. 16a). Furthermore, the coating of the perovskite layer
contributes to only part of the processing of a perovskite solar
module, and the cost for the fabrication of a p-i-n perovskite
junction only contributes to 1.1% of the total cost (Fig. 16b).”* As
calculated, the minimum sustainable prices (MSP) as a function
of the assumed module efficiency is shown in Fig. 16c. One
should note that this price is calculated without government
subsidies, and this value is still lower than other mature
photovoltaic techniques with subsides.

What we are interested in is how much the cost will be
affected by changing the solution coating process to a CVD
process. As shown in Fig. 16d, the alternative of materials and
processes for the manufacturing process has been provided. It
can be seen that the changing of deposition process from one-
step solution process to two-step hybrid deposition process,
the MSP for selling only increased 0.5 cents per peak watt,
which is 1.2% increase of the MSP.** Similarly, in another cost-
analysis performance work by Han and coworkers, they
assumed a 100 MW capacity of perovskite solar modules by
a factory manufacturing thin-film silicon solar cells (60 MW),
which are deposited by plasma-enhanced CVD. By changing
the deposition process from a plasma-enhanced CVD process
to a solution process, the initial capital investment decreased
from 26 million to 16 million dollars. However, when consid-
ering a rate of depreciation of 50%, the increase of cost based
on the capital investment and manufacturing per peak watt is

This journal is © The Royal Society of Chemistry 2021
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Society of Chemistry.

about 0.6 cents, on the 100 MW per year capacity.”” This
indicated that the application of CVD does not lead to much
difference on the manufacturing cost of perovskite solar
modules.

Furthermore, the manufacturing cost for the two-terminal
tandem solar module will only increase slightly due to the
processing of a second subcell on the substrate. The
manufacturing cost increased by $5.1 per m>.°® However,
considering the output power increasing rate, the cost per peak
watt is possible to be even lower. When considering the two-
terminal tandem structure with a silicon subcell as substrate,
and assuming an efficiency increase from 22.6% to 29.5% (the
highest certified record for perovskite/silicon tandem cells), the
output power under AM 1.5G increases from 226 W m > to
295 W m~> The cost for high-efficiency crystalline hetero-
junction silicon solar cells is $79.31 per m”>.*® The cost per
peak watt further decreases by $0.062 per peak watt, which
indicates that the tandem structure is one of the promising
structures for further reducing the cost of photovoltaic. As
discussed in Section 6, CVD is of great potential for high-
efficiency perovskite/silicon tandem solar cells with the
textured structure, which is beneficial for light management
and absorption.

This journal is © The Royal Society of Chemistry 2021

9. Conclusions and outlook

In this review article, we summarize the development of
modified CVD for the fabrication of perovskite solar cells and
modules. This technique is promising for large-scale fabrica-
tion. A high efficiency approaching 20% has been achieved on
a small area.*® For future development, there are several
potential directions. As summarized in Table 1, currently
modified CVD based solar cells all use a regular n-i-p structure.
An inverted structure has not been applied yet and might be
a potential way to further improve the device performance and
especially the operational stability. The second promising
direction is application of the modified CVD methods for
textured perovskite/silicon tandem solar cells, as introduced in
Section 6. Further investigation on the rapid HCVD method to
eliminate the extra ramping, cooling and stabilizing time may
help improve the solar module efficiency as well as reducing
cost. Modified CVD is promising for fabricating large-scale, low-
cost perovskite solar cells with high stability. The cost for HCVD
has a negligible effect on the levelized cost of energy compared
with other solution coating processes, assuming the same
module efficiency and lifetime. To further improve the stability
and also efficiency, the defect passivation and interface
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modification are also important in modified CVD process. An
attractive strategy is to combine the modified CVD and solution
process together. For example, the defect passivation and
interface modification for solution method can be applied in
modified CVD deposited perovskite films. For example, solvent
annealing post treatment,"** the grain boundary self-passivation
by MAIL* organic molecules,'” cation exchange,” or other
passivation additives such as FABr,'** PEAL'* and recently bar-
coated acetylcholine bromide,* and so on. Furthermore,
considering the main differences between solution-coated and
modified CVD deposited perovskite layers, in-depth investiga-
tions are needed to reveal the underlying mechanisms respon-
sible for shorter carrier lifetime and lower efficiency for
modified CVD deposited perovskite solar cells.
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