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Abstract

Perovskite solar cells have received considerable attention in recent years as a
promising material capable of developing high performance photovoltaic devices at a
low cost. Its high absorption coefficient, tunable band gap, low temperature processing
and abundant elemental constituents provide numerous advantages over most thin film
absorber materials. In this feature article, we discuss the current status of CHsNHzPbX3
(X =1, Br, Cl) based photovoltaic devices and provide a comprehensive review of
CH3NH3sPbX3 device structures, film properties, fabrication methods, and photovoltaic
performance. We emphasize the importance of perovskite film formation and properties
in achieving highly efficient photovoltaic devices. The flexibility and simplicity of
perovskite fabrication methods allow use of mesoporous and planar device
architectures. A variety of processing techniques are currently employed to form the
highest quality CHsNHsPbXs films that include precursor modifications, thermal
annealing and post-deposition treatments. Here we outline and discuss the resulting
material qualities and device performances. Suggestions regarding needed
improvements and future research directions are provided based on the current field of
available literature.

Keywords: perovksite, film formation, hybrid solar cell, film property, device
performance
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1. Introduction:

The recent advent of organometallic lead halide perovskite solar cells has
produced some of the most rapid growth in cell performance of any material in
photovoltaic history.1 The unique properties of these absorber layers provide a number
of advantages in optoelectronic applications that in many ways originate from the
nature of the perovskite lattice.*® The exclusive use of widely available elements and
the capacity for film deposition through either solution or vacuum-based methods is an
indication of the tremendous potential of these compounds to completely redefine the
way that materials are designed and chosen for electronic device applications. The
scope of this review is to summarize the notable achievements in hybrid perovskite film
formation: 1) Film formation methods, 2) Techniques to tune film properties, and 3)
Cell architecture, performance, and optimization.

Perovskite materials follow the general formula ABX3 and adopt the same crystal
structure as calciumtitanate. In this arrangement, the ‘A’ and ‘B’ cations coordinate with
12 and 6 X’ anions, forming cuboctahedral and octahedral geometries, respectively
(shown in Figure 1.).” The tendency of a compound toward perovskite formation can
be estimated using the Goldschmidt tolerance factor,® although determining the
chemical and thermal stability of the resulting structure invariably requires more
detailed analysis. The perovskite material family exhibits a wide range of electronic
behavior including piezoelectric, thermoelectric, semiconducting, and superconducting
properties depending on the specifics of the measured material.>*? In the early 1990s,
Mitzi and coworkers made an extensive investigation into the optoelectronic properties
of organometallic halide perovskites, where the ‘A’ sites are occupied by organic cations,
the ‘B’ sites are occupied by group IV cations (Sn, Pb), and the ‘X’ sites are occupied
by group V11 anions (CI, Br, I).13-1
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Figure 1. Crystal lattice of the methylammonium lead halide (CHsNH3PbX3)
perovskite structure. Adapted with permission from ref. (7). Copyright 2013 Nature
Publishing Group.

Lead halide perovskite solar cells are rapidly approaching 20% power conversion
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efficiency (PCE) after only 5 years of concerted development, an achievement that
required decades of effort for conventional materials.> 1’1 The most successful
perovskite materials thus far are variations on the compound CH3NH3zPbX3 (X=ClI, Br,
1), which exhibits the most attractive properties of ideal PV absorbers: 1) Strong optical
absorption due to s-p anti-bonding coupling; 2) High electron and hole mobilities and
diffusion lengths; 3) Superior structural defect tolerance and shallow point defects; and
4) Low surface recombination velocity and benign grain boundary effects.?0-23

The hybrid organic-inorganic nature of halide perovskites has allowed this class
of materials to capitalize on the previous development of Dye-Sensitized Solar Cells
(DSSCs), organic photovoltaics, and other thin film material systems.?*%" In a typical
cell architecture, a perovskite absorber layer with a thickness of several hundred
nanometers is sandwiched between an electron and hole transport layer (ETL and
HTL).2830 When the device is illuminated, carriers are created in the absorber, extracted
by the ETL and HTL and collected at the appropriate electrodes. The work required for
establishing a rational guide for fabricating high quality absorber layers is still
underway, and is made more difficult by the unique characteristics of perovskite films
in the context of their materials chemistry and physics. Additional efforts related to
connecting the structure and composition of perovskite absorbers to their electronic
properties and device performance are particularly valuable in enhancing our
understanding of how to process and deposit films formed from this material family.

2. Film formation

To date, various processing techniques have been documented to fabricate hybrid
perovskite films, mainly one-step or two-step sequential deposition methods based on
solution processing, vacuum deposition, or vapor assisted solution processing.3=2 It
has also been suggested that the optoelectronic properties of perovskite films are closely
related to the processing conditions, such as the starting material ratio and the
atmospheric conditions during film growth, which lead to a substantial difference in the
film quality and device performance.3* 3 The kinetic and thermodynamic parameters
that govern lattice formation have been investigated either by tuning the annealing
temperature, time, and ramping rate, or by employing different solvents or additives.

One of the key reasons for the rapid increase in power conversion efficiency (PCE)
of perovskite devices is a growing understanding of film formation mechanisms and
the continuous improvement in processing approaches for perovskite materials. Hybrid
perovskite materials form with crystallinity, even when processed at low temperatures,
and the formation of the final perovskite phase benefits from the relatively high reaction
rates between the organic and inorganic species. These advantages substantially expand
the choices of available processing methods such as thermal evaporation and solution
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processing, and facilitate the adoption of new and varied device architectures.

Unique from most inorganic and organic materials, forming high quality
perovskite films is complicated by the distinctly different physical and chemical
characteristics of the organic and inorganic components.'# 223638 For example, organic
materials tend to be soluble in different solvents than those appropriate for processing
the inorganic framework, which results in poor film quality when using solution
deposition techniques. For those cases where both materials are soluble, solution
techniques must be judiciously controlled because of adverse substrate wetting
characteristics and the fast intercalation reaction. With regard to vacuum deposition
techniques, poor control of the heating of the two reactant species and substrate
temperature typically results in the decomposition or dissociation of the organic
component, or non-ideal stoichiometry in the final film.
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Figure 2. Perovskite solar cells device structure: (Left) planar structure, (Right)
Mesoporous scaffold. Adapted with permission from ref. (39). Copyright 2014
American Chemical Society.

One step and sequential deposition (either in solution or vacuum) techniques have
been demonstrated in perovskite solar cells based on two typical architectures:
mesoporous scaffold and planar heterojunction configuration (schematic diagram
shown in Figure 2).3% One-step processing is based on the co-deposition of both the
organic and inorganic components either through solution processing or thermal
evaporation. In solution processing, a mixture of MX. (M = Pb, Sn; X = Cl, Br, I) and
AX (A = methylammonium, MA; formamidinium, FA) is dissolved in an organic
solvent and deposited directly to form a film and followed by thermal annealing to
produce the final perovskite phase.*® Meanwhile, thermal evaporation employs dual
sources for MXz and AX with different heating temperatures to form the perovskite
film.32 Sequential deposition is namely depositing an MXz (M = Pb, Sn; X = Cl, Br, 1)
layer such as Pbl> and an AX (A = MA, FA) such as methylammonium iodide (MAI)
sequentially followed by a heat treatment to form the completed perovskite film. 4143

Typically, the deposition of MX is achieved using spin-coating, while AX can be
introduced by (1) spin-coating the AX solution on top of the MX: layer, (2) immersing
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the MX: layer in the AX solution to induce a solid-liquid reaction, or (3) exposing the
MX; layer to AX vapor at elevated temperatures.® 4 4 Also, two-step sequential
deposition can be carried out in thermal evaporation, by sequentially depositing the
inorganic and organic components. The schematic diagrams of different deposition
methods are shown in the Figure 3.
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Figure 3. The preparation of MAPbIs-xClx film from different deposition method: (a)
Dual source coevaporation using PbCl> and MAI source. (b) Sequential deposition by
dipping the Pbl> film into MAI solution. (c) One-step solution process based on the
mixture of Pbl> and MAI, and sequential coating of Pbl> and MAI (d) Vapor-assisted
solution process using the MAI organic vapor to react with Pbl, film. Adapted with
permission from ref. (32, 33, 44, 45). Copyright 2013 Nature Publishing Group, 2014
American Institution of Physics, 2014 American Chemical Society.

In this section, two major perovskite device structures with corresponding deposition
methods and the unique properties of perovskite film properties based on the phase
formation, defect states and electrical and optical properties are discussed in the
following subsections.

2.1 Mesoporous structures

The first use of hybrid perovskite absorbers in photovoltaic cells is based on the
typical structure of a dye-sensitized solar cell, where the perovskite absorber is self-
assembled within the gaps of a porous TiOz layer formed by sintering nanoparticles.*®-
8 The typical configuration of this type of perovskite-based solar cell is FTO/Dense
TiO2/MesoporousTiOz/Perovskite/[2,2',7,7'-tetrakis-(N,N-di-4-ethoxyphenylamino)-
9,9'-spirobifluorene](Spiro-OMeTAD)/Electrode, as shown in Figure 4. In this
structure, perovskite materials are deposited onto mesoporous TiO2, which is used to
facilitate electron transport between the perovskite absorber and the FTO electrode.*®
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A subsequent work demonstrated the replacement of relatively conductive porous TiO>
with an insulating porous Al;Os layer.>® The successful use of an insulating Al,Os3
scaffold indicated that perovskites have a broader potential than just being used as
sensitizers, as they are able to transport both electrons and holes between cell terminals.

Perovskite ol
Mesoporous Oxide &4

X)) Cormpact TiO
FTO

Figure 4. (Left) The schematic diagram and (Right) cross-section SEM of mesoporous
structured perovskite solar cell device. Adapted with permission from ref. (50).
Copyright 2013 American Association for the Advancement of Science.

A typical fabrication procedure for mesoporous scaffold-based perovskite solar
cells is as follows. Fluorine-doped Tin Oxide (FTO) substrates are used with a compact
TiO2 blocking layer and a mesoporous oxide layer that have each undergone high
temperature sintering steps (500°C). Afterwards, the perovskite absorber layer is
deposited. For a one-step process, pure iodine-based MAPDI3 is generally deposited
from a mixture of Pbl> and MALI in N,N-Dimethylformamide (DMF), y-butyrolactone
(GBL), or a similar solvent system. One-step processing has also achieved success in
mixed halide material systems, where mixed PbCl> and MAI at a 1:3 molar ratio in
DMF were deposited onto an insulating Al,Os mesostructured scaffold.>® Last, Spiro-
OMEeTAD and metal electrode were deposited by spin-coating and thermal evaporation
respectively to complete the device. An inverted p-i-n mesoporous structure based on
FTO/Compact NiOx/Nanocrystal NiO/Perovskite/PCBM/Electrode can also be
achieved with similar fabrication process.>

It is worth noting that successful pore-filling in mesoporous structures is important
in order to prevent leakage through the device, which has been a problem for thick
mesoporous structures.>® Therefore, the placement of a thin perovskite capping layer
on top of mesoporous structures is often used to enhance light absorption and prevent
possible shunting pathways.>® This is usually achieved by increasing the concentration
of the precursor solution, causing excess material to build up on top of the porous
scaffold layer.

A number of crucial parameters are involved in this type of deposition procedure,
which affects the grain size, crystallinity, and surface coverage of the resulting films.
For example, solvent engineering techniques, where a small amount of additional drop

6
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is added during spin-casting, has recently been shown to remove the solvent originating
from the perovskite solution while greatly enhancing the grain size, coverage, and
uniformity of the capping layer on the mesoporous structure.>* More detail discussion
of controlling film formation parameters will be addressed in the next section.

In two-step sequential processing, Pbl. is first deposited onto a mesoporous
substrate and the perovskite film is formed either by dipping the substrate in a MAI
solution or spin-casting the MAI solution onto the Pbl, film while using a solvent that
does not dissolve Pbl2.4% > The resulting perovskite film has been shown to improve
the coverage of the capping layer, compared to a one-step process, by retaining the
morphology of the original Pbl, film, which is quite uniform after spin-casting.
Incorporating a certain amount of PbCl in Pbl, in the first step offers an additional
opportunity to optimize morphology control.® 5" The grain size of the deposited
perovskite film in mesoporous structures is found to be confined by the pore size of the
mesoporous scaffold.>® ° Though perovskite absorbers are known to have relatively
benign grain boundaries, large grains are still desirable for reducing possible
recombination paths and improving carrier transport.20: %% 60

The use of mesoporous structures as a scaffold to fabricate perovskite solar cells
has led to an increase in device performance from 3.8% to over 17% PCE in the period
of a few years.} 3 5 61 As the mesoporous structure does not rely on long carrier
diffusion length, it is also able to provide a forgiving platform within which to
investigate the new perovskite materials. While the use of a mesoporous scaffold
requires a comparatively complex device architecture and fabrication process in which
many problems can arise, it has consistently delivered high efficiencies that make its
use fully worthwhile for laboratory scale investigations.

2.2 Planar structure

In a planar junction perovskite solar cell, a several hundred nanometer thick
absorber layer, is sandwiched between ETL and HTL without a mesoporous scaffold.
As the hybrid perovskite exhibits ambipolar carrier transport and long carrier lifetimes,
solar cells with planar configurations can deliver efficiency values of over 15% despite
being under development for an even shorter period than their mesoporous
counterparts.® % This architecture offers the advantages of a simplified device
configuration and fabrication procedure, and so has rapidly acquired the interest of the
thin film research community. Planar structures are most commonly illuminated from
the n-type side, resulting in the structure Glass/TCO/ETL/Perovskite/HTL/Metal, or p-
type side, resulting in inverted structure Glass/TCO/HTL/Perovskite/ETL/Metal which
functions in a superstrate configuration.52-54

The earliest attempts to fabricate planar perovskite solar cells used single step
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deposition to deposit the perovskite absorber layer. The lack of an existing porous
scaffold has a dramatic effect on the coating and growth of the perovskite material, and
so additional optimization is often necessary when converting a deposition method
from mesoporous to planar structures. For dual-source vacuum deposition, the final
films are typically very uniform with excellent surface coverage, as seen in the SEM
images in Figure 5(a).>? Compared to the mesoporous scaffold, thermal evaporation can
be more efficiently applied in a planar configuration, without worrying about the
difficulty of perovskite precursors penetrating into the nanoporous scaffolds.

One-step solution processing has also been demonstrated in the planar
configuration by mixing MAI and PbCl; in DMF to form MAPDbI3-xClx.%> % Unlike
mesoporous structures, forming a continuous perovskite film is critically important for
planar structures, as the presence of pinholes may cause a severe leakage current. For
example, the MAPbI3 is prone to forming fiber-shaped crystals in planar films, resulting
in poor device performance. Numerous studies have been designed to advance our
understanding of film formation with respect to a variety of processing parameters, e.g.
thermal annealing conditions, stoichiometry of organic and inorganic species,
substrates, additives, solvent engineering and atmospheres, each of which are discussed
in the following sections.

In addition to one-step deposition, the perovskite film can be prepared using
sequential deposition procedures. Adopted from the mesoporous structure, Liu et al.
demonstrated a high performance (15.7%) planar cell using sequential deposition
processing, where the deposited Pbl> film was soaked in a MAI solution to form the
final perovskite phase.®” This two-step process can effectively reduce the chemical
reaction between the perovskite materials and the underlying electron transport layer,
as MAI dissolved in DMF was suspected to provide an acidic environment which could
quickly etch the ZnO during subsequent annealing steps. The development of sequential
deposition methods has provided a variety of ETL options, while allowing for
perovskite films to be prepared effectively at room temperature.

In addition, Chen et al. developed a vapor assisted solution processing (VASP)
method that used the reaction between MAI vapor and pre-deposited Pbl to form the
completed perovskite film.* The resulting MAPbI3 exhibits excellent film quality, e.g.
full surface coverage, large grain size on the micrometer level, and improved film
conformity. The phase and film evolution from Pbl, to MAPbIs was recorded using
XRD and SEM characterization as shown in Figure 5(b,c), where the MAI reacted with
Pbl, to form MAPbIs; from the Pbl> surface and into the film to achieve a complete
transformation. Xiao et al. developed a two-step solution coating method that used two
separate depositions of Pbl, and MAI followed by an annealing step to prepare
MAPbIs.*t High performance perovskite devices are demonstrated by controlling the
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preparation conditions, e.g. the concentration of Pbl> and MAI, coating spin-speed, and
the subsequent annealing temperature/time based on this method.

One of the useful aspects of sequential procedures is their reliance on Pbl>
precursor films as a template to form the eventual perovskite layer. This avoids one of
the major problems associated with one-step solution processing, in which fiber-shaped
crystals often form as the MAPDI3 phase grows directly from solution. Due to its
simplified fabrication and ease of deposition, the planar architecture provides great
promise in future applications, including high performance flexible and portable
devices.
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Figure 5. (a) Cross-section SEM images of perovskite film prepared by dual source
coevaporation. Perovskite layer with homogeneous and flat boundaries can be
distinguished clearly. (b) The as-deposited Pbl, layer by solution process and (c) the
perovskite film with micrometer grain size, obtained by vapor assisted solution process.
Adapted with permission from ref. (32, 33). Copyright 2013 Nature Publishing Group,
2014 American Chemical Society.

2.3 Phase formation

The perovskite phase with a general formulation ABX3s are structures containing
‘A’ cations and interconnected [BXs] octahedra. Depending on the relative sizes of the
cation and the octahedron, the perovskite phase can be three-dimensional (3D), two-
dimensional (2D) or even one-dimensional (1D) in crystal structure.®® Within the scope
of this article, we will only focus on three-dimensional (3D) organometal halide
perovskite phases with demonstrated optoelectronic applications. Within the crystal
lattice, ‘A’ represents a protonated amino group MA* or FA*, ‘B’ represents Pb?* or
Sn?*, and X’ represents I, Br-, or CI-.

With the rare exception of using single-source thermal ablation to generate the
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perovskite phase, the formation of perovskite structures usually follows the overall
formula AX + BX, — ABX3.%° Using the following reaction as a typical example:

Pbl> + MAI — MAPbDI3

It has been observed that the reaction kinetics of perovskite phase formation are
impressively fast.®” During the transformation into the perovskite lattice, spaces are
formed between the layered [Pble] octahedral that share facets in Pbl, to create [Pble]
octahedra that share only vertices in MAPDI3. Solvation of Pbl is another important
parameter that affects the intermediate reaction stage. Since it has been demonstrated
that the soft Pb(Il) can easily coordinate with a variety of small molecules (such as
ethanolamine’® or dimethyl sulfoxide (DMSO)™), after which the original facet-sharing
[Pble] octahedra are partially disintegrated and small ligands are inserted, it is therefore
logical to conclude that during the dissolution of Pbl,, solvent molecules partially
replace iodine to ligate with lead, thus facilitating the subsequent reaction forming the
perovskite phase. Such a concept has recently been further taken advantage of by using
mixed solvents to rationally control the reaction kinetics for optimized film formation.>*

Besides the kinetics of phase formation, another interesting topic is the formation
of mixed-cation, mixed-group 1V metal, and mixed-halide perovskite phases, allowing
for the fine tuning of the optical and electronic properties of the final material. Among
them, the most extensively studied combination is mixed halides, which was first
demonstrated as a sensitizer in 2012.%° Although such a phase was initially denoted as
MAPDI>CI, it was later discovered that the doping level of chlorine into iodine
perovskite is actually limited to below 4%, irrespective of the combination of precursors
used (MAI + PbCl, or MACI + Pbly).”? Such phenomenon is due to the large
discrepancy of ionic size between CI” and I, as opposed to the Br/I" perovskite whose
ratio between two halides can be freely tuned from 0 to 1.7 7

A perovskite phase with mixed mixed-group IV metals has recently been
synthesized using MAI and a mixture of Pbl, and Snl..” Lead and tin were determined
to be randomly distributed in the [MXs] octahedra and the percentage of tin content in
the perovskite could be tuned from 0 to 1, but the resulting shift in band structure does
not follow the normal Vegard’s law due to the changed origin of conduction and valence
band edge with various Pb/Sn ratio. Moreover, perovskite phases with mixed organic
cations have also been reported. Typically, the mixture of MAI and FAI can be used to
prepare such a mixed-cation phase, which shows enhanced harvesting of red photons
and longer carrier lifetime.>® Furthermore, the templating effect of a secondary cation
on the formation of preferentially-oriented perovskite phases has also been explored.’®
" Through doping MAI with 5-ammoniumvaleric acid (5-AVA) iodide, the resultant

10
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perovskite phase preferentially grows along the c-axis, thus reducing the apparent
concentration of structural defects.

MAPDbX3-based perovskites have been found to exhibit multiple phases as a
function of temperature and composition. These different phases possess dramatically
different electrical/optical properties as well as stability. Stoumpos et al. showed that
the MAPDI3 exhibited an a-phase, 6-phase, and y-phase with transition temperatures of
400 K, 333 K, and 180 K, respectively as shown in Figure 12(a).®® In general, the -
phase MAPDIzis used as the solar cell absorber because of its thermodynamically stable
nature at room temperature and its increased absorption coefficient (> 26 mm™) and
conductivity, in contrast to the a-phase. However, a possible phase transition from 6-
phase to a-phase may occur under continuous 1 sun illumination, which requires more
detailed examination.

Phase transformation can occur in mixed halide systems. Noh et al. used a mixed
halide MAPDIz xBrx (0 < X < 3) for band-gap tuning and observed that the crystal
structure transformed from the tetragonal phase to a cubic phase when the percentage
of Br present passed a threshold of approximately X =0.5, as shown in Figure 12(b).”®
This phase transition has been presumed to explain the improved stability of MAPDIs.
xBrx materials in the air and humidity test, making it an interesting addition to our
understanding of the specifics of the perovskite lattice.
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Figure 6. (a) Graphical scheme of observed phase transitions of MA(Pb,Sn)X3
perovskite materials. Precession images are drawn at [006] view. (b) The structure
transformation from the Br incorporation in MAPbIs and (c) the lattice contact change
with different amount of Br incorporation. Adapted with permission from ref. (68, 73).
Copyright 2014 American Chemical Society.
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2.4 Defect energy

One merit of the organic-inorganic hybrid perovskite semiconductor is the
unusually long carrier lifetime despite its direct band gap and polycrystalline nature.
Moreover, perovskite semiconductors also show very efficient photoluminescence
quantum yield and even optically pumped lasing effects.”® ™ The high emissive
quantum yield and long carrier lifetime indicates that the non-radiative recombination
channel is strongly inhibited, which is an excellent sign of its applicability in
optoelectronic device fabrication.

Yin et al. shed some light on the unusual defect physics through density-functional
calculations on the perovskite lattice.? & The organic-inorganic hybrid perovskite
material is composed of three ion types: positively charged methylammonium (MA™)
and lead, and negatively charged iodide. Interestingly, the defects with the lowest
formation energies are Pb vacancies and interstitial MA*. However, both defects only
create shallow charge-carrier states near the perovskite band edges as shown in the
Figure 13.

Such shallow defects do not serve as severe non-radiative recombination centers
the way that deep defects with energy levels near the middle of the bandgap do. The
lack of deep trap states within the band gap of the perovskite band structure to some
extent explains its long carrier lifetime, as well as its superior electronic device
performance. In addition, the Pb vacancy is an electron acceptor while the interstitial
MA* is an electron donor, and the presence of these two defects is sensitive to
preparation methods. In other words, whether the perovskite film is p-type or n-type
may be dependent on how it is prepared.

However, it should be noted that all the above theoretical studies indicate that the
grain boundary does not introduce deep defect states, but the interface states between
the perovskite and HTL or ETL, e.g. TiO2, Spiro-OMeTAD, PCBM, etc., might still be
detrimental, as they can easily serve as sites for interfacial recombination. Further
investigation on the interface states of perovskite materials when operating in a real
solar cell would be highly beneficial in beginning to resolve this issue.
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Figure 7. Defect diagram of MAPDIs perovskite from DFT calculation: (Left) the
intrinsic acceptors and (Right) intrinsic donors. Adapted with permission from ref. (80).
2014 American Institution of Physics.

2.5 Optical and Electrical properties

MAPDX3-based materials exhibit attractive optical and electrical properties. The
p-p transition and direct bandgap result in a higher absorption coefficient (o) as
compared to CsSnlz and GaAs. The high a value (> 10° cm™) provides a great potential
to fully utilize photon energy larger than bandgap and delivers high Jsc from thin film
(~300nm) devices.?® Comparing with CIGS, GaAs, Si-based solar materials, MAPbX3-
based materials could achieve highest PCE for a given thickness. Moreover, the high
Voc value (~1.15V) was achieved on MAPDI3 devices relative to its optical bandgap (~
1.5 eV). The small Voc deficit of the MAPDI3 device can be attributed to the less deep
defect states and efficient interface contacts. From the optical measurement, the sharp
absorption edge measured from photothermal deflection spectroscopy and Fourier-
transform photocurrent spectroscopy on MAPbI3 material shows the well-ordered
microstructure and negligible deep states. De Wolf et al, observed the Urbach energy
of 15 meV in MAPbIz which is closed to high quality GaAs materials.8! The results
indicated the lower possibility of non-radiative recombination can occur in the MAPbIs
materials and directly supported the shallow defect properties from the theoretical
calculation discussed in the previous section.

With regard to the electric property, perovskite materials has proven to exhibit
ambipolar carrier transport behavior and long carrier lifetime. The effect was firstly
noticed by using insulating Al.Os structure as the scaffold, while the electrons and holes
can be collected efficiently.®® Through electron beam induced current (EBIC)
measurement on perovskite device, the carriers can be collected on both electrodes
when the electron beam focused on either one side of perovskite layer, which further
supports the ambipolar effect in MAPbX3-based materials.®? More than 1 pm diffusion
length and more than hundreds of nanoseconds carrier lifetime were characterized.®
This indicated the relatively prohibited non-radiation recombination process and the
suppressed defect/trap associated recombination of free carriers during transporting.
These electrical properties allow the perovskite materials serve as an efficient
transporting layer while as an excellent absorber.
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Figure 8. (a) The calculated Absorption coefficient of MAPbIs, CsSnls and GaAs
materials, respectively. (b) The calculated maximum PCE of different photovoltaic
absorber materials at different film thickness. (c) Absorbance spectra of different ratio
of Br in MAPDI3.xBrx materials. (d) J-V curves of different Br ratio in MAPb(11xBrx)3
devices Adapted with permission from ref. (20, 73, 84). Copyright 2014 Wiley, 2014
American Chemical Society.

Furthermore, mixed halide with tunable bandgap, such as MAPbIs.xBrx has also
been intensively studied. Noh et al. tuned the bandgap by incorporating different ratio
of 1 and Br, where the optical bandgap relationship is fitted to be as following:"®

Eg(x) = 1.57+0.39x+0.33x? (x is the ratio of Br/ (Br+1))

A larger Urbach energy in mixed halide MAPbI3 xBrx was noticed by Sadhanala
et al, although there is no defect analysis at current stage.®* Introducing Br content in
MAPDI3-xBrx changes the tail states in the optical spectrum and a rather high Urbach
energy (90meV) was found for MAPDIo¢Br2.4. The increase of Urbach energy indicates
a more disordered structure and increased defect state in the materials, which might be
caused by the disorientation of Br species or non-uniform distribution of 1/Br element
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during the film formation.

The different electrical properties of the MAPDI3xBrx perovskite materials are
investigated based on the corresponding device performance. It is worth noticing that
the Voc value of the devices does not follow the trend of the optical bandgap change.”
A rather higher Br content in MAPDbI3.xBrx leads to an increased bandgap of materials,
but a decreased Voc in the devices. Photo-induced phase segregation while X>0.6 has
been observed by Hoke et al., where two crystalline phases and a low energy PL peak
occurred under 1-sun illumination. These two phases were suspected to be iodide-rich
domain and bromide-rich domain, resulting in a new red-shifted PL peak. The PL
results indicated a reduction in the electronic bandgap and quasi-Fermi level splitting
which reduced their achievable Voc.® Suarez et al. further examined a system with
three halides (Cl, Br and 1), and found the recombination rate can be reduced by
simultaneously incorporating Cl and Br to MAPDbI3.% These optical and electrical
characterizations indicated the Cl species may help to evenly mix | and Br species
during film formation to further reduce the recombination and improve the device
performance.

3. Film quality

As indicated in the previous section, perovskite materials exhibit a wide range of
film properties e.g. the grain size, the morphology, the crystallinity, the surface
coverage, etc., based on various processing approaches. Pioneering work has also
suggested that perovskite films exhibit composition/structure dependent properties by
adjusting the metal halide framework and the intercalated organic species. Thus, it is
essential to achieve fine control over the reaction between the inorganic and organic
species, resulting in perovskites with desirable properties and device performance.
Various process parameters including the stoichiometry, thermal treatment, solvent
engineering, additives, environment control, which were incorporated to improve the
perovskite film qualities will be discussed in the this section.

3.1 Stoichiometry

The stoichiometry, particularly the ratio of the organic and inorganic component,
largely affects the resulting MAPDIs.xClx film quality in terms of film conformity and
carrier behavior. Generally, a solution of PbX> and MAX with a stoichiometry of 1:1 is
used as the precursor to form a pure perovskite phase. For example, the MAI and Pbl>
(1:1 mole ratio) were dissolved in GBL and deposited on a mesoporous structure to
form a MAPbX; film.8” 8 However, when starting from the mixture of PbCl, and MAI
solution, a non-stoichometric mole ratio of 1:3 is demonstrated to be optimum for the
formation of MAPbI3.xClx films 8 %
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This kind of stoichiometry (Pblo: MAI = 1:1, or PbCl:MAI = 1:3) in a one-step
solution process was later successfully extended to the planar configuration, with
substantially different film properties.®® It is reported that the mixed halide MAPDIs.
xClx exhibits improved film characteristics, e.g. more compact and increased grain size,
when compared with the pure iodide MAPDI3 perovskite. Also, the carrier behavior of
the MAPDI3.xClx film is improved, with a carrier lifetime of over 100 ns, in contrast to
MAPbDI; of around 10 ns.® Thus, the dramatically different film quality of the
perovskite films, originated from the stoichiometry of the precursors, leads to their
different device performances.

Further studies on film formation based on stoichiometry effects have also been
conducted, in terms of the phase, the underlying reaction, and the possible byproducts.
Interestingly, the MAPDI3z xClx obtained from PbCl,: MAI (1:3) solution and the
MAPbIs from Pbl2: MAI (1:1) solution exhibited nearly identical XRD patterns, which
mainly consist of MAPbI3 phase. This strongly suggests that an intensive ion exchange
between | and Cl occurs during perovskite formation, as described in Equation (1).%°
Other phases, including Pbl> and MAPDCIs, coexisting with the MAPbI3z phase were
observed in the films derived from PbCl,: MAI (1:3) solution.®? These observations are
also consistent with previous studies on the MASNnXz-perovskite crystal, where iodide
and chloride elements cannot form a mixed MASNI3.xClx phase, as a result of the
extremely low solubility of chloride in the MASnI3 phase.® In addition, the iodide-rich
condition would lead to a high density deep defect (lrp) and the Cl-based precursor can
suppress the Ip, defects formation.®* Therefore, to form a MAPDbI;3 perovskite phase with
less deep defects, three times the amount of MAI to PbClI> is required for slightly iodide
poor condition. Any stoichiometry deviation from 1:3 (PbCl2: MAI) may cause either
excessive MAI or unreacted PbCl to remain within the film, which can be expected to
degrade their resulting optoelectronic performance.

3MAI + PbCl, > MAPbIs + 2MACI 1)

Another impurity in the film is the byproduct MACI, formed according to Equation
1. However, XRD patterns do not show any obvious MACI phase, possibly due to the
sublimation or decomposition of most MACI and formation of MAPbCI3z phase which
is observed by XRD.%? While in almost all cases, MAPbI3-xClx was used to represent
the final product, where the CI is proved to be in the form of MAPDCIs, and/or is
speculated to be dissolved within the MAPbI3.*® Detailed studies on the non-
stoichiometry ratio of the precursors and the amount of the CI introduced into the
perovskite remain under investigation.

Besides the mixed halide MAPDbI3-xClx, a non-stoichiometric solution of Pbl, and
MAI is examined with an important role for high performance MAPDI3 based on a one-
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step solution process method. The best device performance of around 12.2% was
demonstrated by using the precursor solution of 0.6~0.7:1 mole ratio of Pbl> to MAI in
DMF.3* The authors believed that the residual amounts of Pbl, and MAI in the final
film are different because of their different affinities to the substrate, and the non-
stoichiometric precursor solution is required for MAPDI3 film formation. A higher Pbl.
to MAI ratio (>0.8:1) in the precursor leads to the formation of microfibers in the film,
which increases the film roughness significantly. The morphology transformations as
viewed under SEM are shown in the Figure 9. In addition, the MAPbIs from lower Pbl;
to MAI ratios (<0.6:1) did not exhibit the typical photoluminescence peak and
absorption edge. In sum, the MA (Pb,Sn)Xsz film was largely affected by the
stoichiometry of the precursor solution, resulting in long carrier lifetime and compact
grains in the films with introducing Cl and better film coverage with non-stoichiometry
method. It is also believed that introducing Cl could form an intermediate complex to
reduce the interface energy and enhance the film formation in one step solution process.

Figure 9. The top view SEM images of the perovskite films prepared from different
mole ratio of Pbl> to MAI dissolved in DMF. Adapted with permission from ref. (34).
Copyright 2014 The Royal Society of Chemistry.

3.2 Heat treatment

In general, thermal annealing is an essential step to initiate or accelerate the
reaction between the molecules, as well as the film formation. With regard to hybrid
perovskite materials, a delicate control of the heat treatment is needed due to the fast
reaction rate between the organic/inorganic component, and their various phases in the
low temperature range. Eperson et al. investigated the properties of mixed halide
perovskite MAPbIsz.xClx planar films based on one-step solution processing at different
annealing temperatures.®® The perovskite films with different film thickness deposited
on the compact TiO2 ETL layers were annealed at different temperature ranging from
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90 °C to 170 °C. The authors observed that the higher the annealing temperature, the
lower the film surface coverage, as shown in the Figure 10(a,b). Also, both the
increased initial film thickness of the perovskite and compact TiO. layers could
improve the surface coverage of final perovskite films. The resulting device
performances demonstrated that a higher Jsc can be achieved from the film with higher
coverage because of its increased light absorption capabilities.®®

The controlled annealing temperature produces a perovskite layer with different
surface coverage, which was further employed to construct semitransparent perovskite
solar cells with controlled transmission properties. Dualeh et al. reported the annealing
effects in a single-step solution processed mixed MAPDI3-xClx perovskite based on a
mesoporous structure.®® The crystallinity, optical, and electrical properties of the film
were examined by annealing the identical films in a wide temperature range (25 ~ 200
°C) and the XRD spectrum are shown in the Figure 10(c). The authors demonstrated
that densely interconnected perovskite films can be obtained under 80 °C or 100 °C for
3 h or 0.75 h annealing, respectively. When the film experienced lower temperature
(<80 °C) annealing, the perovskite phase formation was obviously hindered. For
example, a film obtained by annealing at 60 °C for 20 h exhibits poor absorption, low
film coverage, imperfect crystallinity, and impure phases. Further prolonging the
annealing time under lower temperature will not provide any advantage for future
application and fabrication. On the other hand, perovskite films annealed using higher
temperatures (>100 °C) will produce the secondary phase Pbl, likely originating from
the decomposition of MAPDIs or possibly the exchange of iodide with the PbCl»
precursor film. This is well matched with the proposed additional side reactions, as
shown in Equations (2) and (3).

3MAI + PbCl=> Pbl, + 2MACI + MAI )

MAPDI3=> Pblz + CH3NH2 + HI 3)
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Figure 10. One-step solution processed perovskite films annealed under different
temperature: (a) The top view SEM images; (b) the surface coverage; (c) the XRD
spectra of perovskite films obtained under different annealing temperature and time.
Adapted with permission from ref. (65, 96). Copyright 2013 Wiley.

Controlling the thermal annealing process is also a crucial factor to achieving high
performance in the case of the VASP method as reported by Chen et al. and the stacked
precursor method as reported by Xiao et al.>*! In the VASP process, MAI vapor is
generated under 150 °C, with an excessive amount of MAI powder being required to
maintain the MAI vapor pressure in the reaction chamber. In the stacked precursor
interdiffusion process, an annealing temperature of 100 °C was used to enhance the
interdiffusion between layers and to prevent MAI from escaping the film surface. Using
overly high or low processing temperatures will cause undesired film qualities, as result
of relatively slow reactions or side/decomposition reactions as shown in equation 2 and
3. In both cases, the annealing temperature has only a minor effect regarding the surface
coverage of the films, because of the presence of the pre-formed conformal Pbl> films
that are used as templates.

These experimental observations are consistent with results suggested by
theoretical calculations. Recently, Burlakov et al. developed a theoretical model to
investigate the MAPbIs.xClx film formation based on one-step solution processing.®’
The authors found that the unfavorable interface between perovskite film and substrate
and also pointed out a potential processing window for the community. Moreover, a
hot-casting process was recently demonstrated using hot solution (70 °C) deposited
onto 50 — 200 °C substrates by Nie et al., and more than millimeter-scale crystalline
grains were achieved on PEDOT:PSS layer.®® Additional theoretical modeling could
also be helpful in finding the best combination of substrate material and perovskite
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precursor for high quality film formation and for the design of a corresponding facile
fabrication process.

3.3 Additives

The inclusion of small amounts of chemical additives in perovskite precursor
solutions have been reported to provide advantages in terms of crystallinity, film
coverage, and resulting device performance. Adopted from organic photovoltaics
research efforts,® Liang et al. added 1 % of 1,8-diiodooctane (DIO) into a perovskite
precursor solution and demonstrated an increase in device performance in contrast to
devices based on precursors without any additives.’®® The films exhibited improved
surface coverage and crystallinity as observed using SEM and XRD, respectively. They
speculated that the temporary coplanar chelation of Pb?* with DIO, as I ligands reside
in axial octahedral positions on Pb?*,enhances the solubility of PbCl, in DMF. The
proposed mechanism was represented using schematic diagram shown in the Figure
11(a). The chelation efficiency could be further modulated to control the film growth.

Zhao et al. incorporated excess MACI into the Pbl>+MAI precursor solution in an
effort to module the formation of the perovskite phase.'* The authors observed that
with the added MACI, MAPbI; exhibited conformal characteristics other than
undesirable branch type crystals which are observed in the Figure 11(b-e). By adjusting
the ratios of Pblz, MAI, and MACI in the precursor, it is found that MAPbClz and MAI-
Pbl>-xMACI were potentially present as intermediate states during MAPbI3.xClx
formation. This observation also coincides with previous findings that MACI served as
a sacrificial agent and decomposed during thermal annealing. The device performance
confirms the positive effect coming from MACI addition. Moreover, Ding et al.
reported a high fill factor perovskite solar cell based on NH4Cl as an additive in the
Pbl,-MAI precursor.X%? Better crystallinity, well-defined morphology, and improved
device performance were evident, similar to films that use DIO or MACI as additives.
The mechanism by which the NH4Cl additive brings about improvements is still unclear
at present. However, it is believed that the NH4Cl acts in a similar role as MACI in
perovskite film growth as shown in the Figure 11(f-h). These results suggest that the
introduction of additives into the precursor film could be an effective way in controlling
the film growth and subsequently enhancing the device performance.
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Figure 11. (a) The proposed mechanism of DIO interaction with PbX, complex. The
top view SEM images: (b-e) perovskite film from different amount of MACI treatment;
(f-g) perovskite films from different amount of NH4Cl treatment. Adapted with
permission from ref. (100, 101, 102). Copyright 2014 Wiley, 2014 American Chemical
Society, 2014 The Royal Society of Chemistry.

3.4 Atmospheres

Generally, perovskite films are deposited and annealed in nitrogen or dry air glove
boxes with H2O levels less than 5 ppm, as the presence of moisture was deduced to
deteriorate the perovskite film. However, in a recent report, Zhou et al. found that
perovskite films annealed in a mild moisture environment (~30% humidity) could in
fact improve film properties significantly.*> The growth mechanism was examined by
XRD and SEM characterization, where stronger MAPDCIs peaks during the film
transformation were observed (as shown in Figure 12) compared with the film that was
fabricated with minimal humidity. It is speculated that the moisture could enhance film
formation by partially dissolving the reaction species and accelerating mass transport
within the film. The time-resolved photoluminescence measurements demonstrated an
improvement in carrier lifetime of the perovskite films by almost 2 times, as well as a
dramatic improvement in the Voc (from 1.02 V to 1.11 V). You et al. also reported the
moisture assisted perovskite film growth on PSS: PEDOT. Compared to other
atmospheric conditions, perovskite films annealed in ambient air performed improved
crystallinity and larger grain sizes, as evident in XRD and SEM.!% Moisture could
possibly promote the movement of organic species and accelerate the grain growth,
resulting less pinholes in the films. However, the films annealed under high moisture
condition showed obvious Pbl, peaks, as a result of the organic species decomposed.
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These results indicate that a controlled atmosphere during film formation will result in
high performance perovskite devices, and further examinations of different atmosphere
effect are still under investigation.
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Figure 12. (a) The XRD spectra of perovskite films annealed under 90-105 °C for
different time; (b) the top view SEM images of the perovskite film annealed 85 mins
under mild moisture condition. Adapted with permission from ref. (35). Copyright 2014
American Association for the Advancement of Science.

3.5 Solvent engineering

Solvent plays a critical role in all kinds of solution process and determines the
quality of hybrid perovskite films. In a typical one-step deposition process, a mixture
of two different precursors (e.g. methylammonium iodide and lead halides) is used. Due
to the distinct nature of organic and inorganic precursors, however, the selection of
solvents with sufficient solubility for both components is limited. Currently, DMF,
DMSO, GBL, and their mixtures are used in most situations.
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Figure 13. (Left) Cross-section and (Right) surface SEM images of MAPDbIs-coated
mp-TiO2 film. Adapted with permission from ref. (53, 87). Copyright 2013 Nature
Publishing Group

In the original reports, in which the perovskite layer was deposited on a
mesoporous TiO; scaffold, GBL was employed as the solvent. As shown in Fig. 13, it
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resulted in the effective pore filling of the perovskite on the mesoporous TiO>
electrodes.®” By tuning the concentration of the precursors, an overlayer is formed on
the top of the mesoporous structure, as shown in Figure 13, where several micrometer-
sized MAPbDI; islands are densely formed on top of the mesoporous TiO film.%

DMF was first used by the Snaith group to deposit the perovskite films on
mesoporous Al,Os scaffolds.> Later, it was adopted to fabricate perovskite solar cells
with planar geometry.®? DMF exhibits a relatively low boiling point (154 °C) compared
to that of GBL (204 °C), which facilitates the film formation. With the adoption of DMF
for constructing the perovskite film by the overall research community, it was
discovered that DMF is able to coordinate with lead halide, creating an intermediate
phase during film growth which is closely related to a hybrid film reconstruction
process.®® The reconstruction process leads to improved film optoelectronic properties
and device performance.

By employing DMF as the solvent, the solution of precursors reaches a maximum
concentration of ~1 M at elevated temperatures. However, due to the extremely high
growth rate of perovskites, thin films with pinhole and moderate surface coverage via
the one-step DMF based solution process are usually observed. An alternative solvent,
DMSO, enables precursor solutions to be prepared with considerably enhanced
concentrations of the perovskite materials, up to 60 wt%.'* Highly concentrated
precursors allow for the deposition of optically dense perovskite films, which results in
increased device performance.

Mixed solvents have been reported to improve the morphology of the perovskite
film.1% It is observed that use of a DMF and GBL mixture produces smooth perovskite
films and uniform crystal domains with small grain size on PEDOT: PSS substrates,
which have been shown to improve interfacial contact. The combination of
DMSO/GBL is another choice for fabricating perovskite films of high quality. Further
studies show a MAI-Pbl,-DMSO complex during film formation where DMSO/GBL
mixed solvents was employed.>* Perovskite films were deposited on a mesoporous TiO>
layer via spin-coating the mixed solution, followed by a toluene drip while spinning, as
shown in Figure 14(a-b). The film showed compact polycrystalline texture, with the
grain size up to several hundred nanometers. The toluene droplets lead to the immediate
freezing of the constituents during spinning via the quick removal of excess DMSO
solvent and the rapid formation of the MAI-Pbl,-DMSO phase, leaving a uniform and
transparent layer. With this method, the perovskite films can also able fabricated on
PEDOT: PSS substrates.'%
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Figure 14. (a) Schematic illustration of perovskite films prepared from DMSO/GBL
mixing solvent and dripped with toluene and (b) the top view SEM of the perovskite
film from this method. (c) Schematic illustration of perovskite film deposited and
immediately treated with chlorobenzene. Adapted with permission from ref. (54, 107).
Copyright 2014 Nature Publishing Group, 2014 Wiley.

The similar solvent-induced processing technique has also been adapted to
fabricate perovskite layers in planar geometry. After spin-coating a DMF solution of
MAPDI3, the wet film was immediately exposed to chlorobenzene to induce fast
crystallization as shown in Figure 14(c).°" This resulted in films with flat and compact
polygon grain features up to microns across. This characteristic leads to improved
charge transport properties within the perovskite film. Interestingly, it is found that the
morphologies of the resulting films are closely related to the delay time when
chlorobenzene is introduced during spin-coating. When evaporation of the residual
solvent occurs significantly and concentrates the perovskite solution, a dense and
uniform film was formed by the introduction of the second solvent. In this study, 12
solvents were investigated, where the addition of chlorobenzene, benzene, xylene, and
toluene leads to uniform films over the entire substrate. Therefore, the solvents either
from the precursor solution or induced during the processing substantially influence the
molecule/species interaction within the system, and the subsequent film quality.

4. Device performance

The device performances of hybrid perovskite solar cells have exhibit remarkable
growth in the past several years. The power conversion efficiency has been pushed from
3.8% to 19.3% based on interface design and controlled perovskite film growth. Here,
we discuss several of the main milestone findings in perovskite research. In 2008 and
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2009, Kojima et al. used MAPbI3 and MAPDBTr3 as the light harvesting layer ina DSSC
configuration, and achieved a PCE of about 3.8%.%! Later Im et al. optimized the
fabrication conditions with using MAPbI; quantum dots, delivering a 6.5% PCE.1%
Optimized TiO2 layer thickness provided the significant Jsc enhancement. However,
MAPDBX3 (X = Br, I) was found to dissolve in polar solvents, rendering the perovskite
in a solar cell with a liquid electrolyte layer unstable. This instability was eventually
resolved by adapting solid hole conductors in place of the liquid redox electrolyte. A
PCE as high as 9.7% was later achieved by solid state structure, even when perovskites
were deposited onto a mesoporous TiOz scaffold with only sub-micrometer thickness.®’
Subsequently, an insulating Al>O3 network was used to replace conducting nanoporous
TiO2. Using a mixed MAPDI3-xClx as the sensitizer, an improved open-circuit voltage
(Voc) was demonstrated, and the reported efficiency boosted to 10.9%.°

In 2013, a two-step procedure of MAI intercalation following layered Pbl;
deposition resulted in a PCE of 15% and a certified PCE of 14.1%.%® Similar results
using a planar cell configuration to eliminate the mesoporous scaffolding and a
MAPDI;-xClx absorber deposited by a two-source thermal evaporation produced a
reported efficiency of 15.4%.3? Jeon et al. demonstrated the solvent engineering method
as discussed in the previous section to achieve dense perovskite films and the 16.2%
PCE was reported based on this process modification.>*

The highest PCE obtained by a significant margin was confirmed from the Korean
Research Institute of Chemical Technology (KRICT) at 17.9%.! There are additional
reports of equally high or higher efficiency values, although difficulties regarding
packaging and encapsulation have reduced the number of these reports that result in
certified efficiency values. As a recent example, our group has produced cells with a
PCE of 19.3% through careful interface design and film formation control. The PCE
trend of each of these reported values is shown in Figure 14.%°

All the aforementioned perovskite solar cells are based on the regular structure,
(i.e. FTO/TiO2/Perovskite/Spiro-OMeTAD/Au). Recently, cells that make use of an
inverted structure (i.e. ITO/PEDOT: PSS/Perovskite/PCBM/AI) have begun attracting
attention as well. This device structure was first reported by Jeng et al. with a PCE of
4%.52 At the beginning of 2014, several groups simultaneously reported efficiencies
surpassing 10%.%% °* Recently, the efficiency has been pushed to above 17%.%%1%° We
believe that in the near future the efficiency of this inverted structure could catch up
with the regular structure.

Perovskite solar cells hold promise as a low-cost, highly efficient alternative to
conventional semiconductor-based solar cells. We believe that the perovskite solar cells
PCE can reach beyond 20% for single junction and even 30% PCE may eventually be
possible when tandem structures are implemented by integrating suitable low bandgap
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materials system such as CIGS or Sj.? 110-113
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Figure 15. Efficiency trend of MAPbX3-based perovskite solar cells collected from
literature reported value and NREL report chart.

5. Stability

Perovskite solar cells have been demonstrated with promising PCEs recently.
However, in practical applications, the devices suffer from the extreme instability with
water, light and heat. This is due to the instability of both the perovskite material itself,
as well as the transport materials used in the device architecture. For MAPbX3-based
perovskite materials, the organic species are easy to escape from the film by storing in
the environment containing moisture, and during heat treatment. Additionally, the phase
transformation MAPbX3 materials occurred at 330 K, as mentioned in the section 2.4,
further increase the instability under solar cell working condition. Besides perovskite
itself, the transporting layers, including the ETL, e.g. TiO2 and PCBM, and HTL, e.g.
Spiro-OMeTAD and PEDOT: PSS also cause the instability of perovskite solar cell. For
example, TiO- layer is sensitive to ultraviolet light, and PCBM is not stable in the air.
For HTL, the employ of Spiro-OMeTAD required additive, e.g. 4-tert-Butylpyridine
(tBP), which can react with perovskite materials. With regard to PEDOT: PSS, its acidic
nature also becomes a concern for the long-term stability of solar cells.

In an earlier work, Im et al. pointed out the instability of the perovskite materials
working as the dye in DSSC, where the efficiency degraded to 80% of its original
performance in a short period of 10 minutes under 1 sun illumination.'® The perovskite
was found to dissolve into the electrolyte gradually, as a result of the hygroscopic nature
of organic species, such as MAI. To prevent the degradation induced by solvents, Kim
et al. improved the stability by fabricating perovskite solar cells based on solid state.
Under continuous white light illumination for over 500 h in air, the perovskite devices
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without encapsulation maintained a device PCE as high as 8%.%" Leijtens et al. further
noticed that the mesoporous TiO> could cause the instability of the perovskite solar cell,
where desorption of surface-adsorbed oxygen under UV-illumination causes deep traps
and reduces the device performance. The replacement of TiO> with Al>O3 can provide
a better light stability. Thus, more than 1000 hours full spectrum illumination at 40 °C
was applied on perovskite solar cell with encapsulation, and the PCE is stabilized after
200 hours test with ~ 40% degradation.'* Both UV filter and Al doped TiO, were
employed to further improve the stability by preventing the UV induced photocatalysis
and desorption of oxygen on TiOz surface.!*® ¢ To improve the stability of the interface
between perovskite/HTL, Li et al. incorporated montmorillonite (MMT) as buffer layer
between Spiro-OMeTAD and pervoskite to prevent the corrosion induced by tBP.1Y/
Nguyen et al. synthesized Spiro(TFSI)2 to replace Spiro-OMeTAD, where it can avoid
doping process for the HTL materials.!® To further improve the stability, one of the
most striking approaches is based on incorporating 5-AVA iodide into the commonly
used precursor solution (Pbl, and MAI mixture), combined with carbon electrode.”’
The carbon electrode is assumed to collect photogenerated carriers, and act as the
protection layer as well. The introduction of 5-AVA iodide dopant was believed to lower
the defect concentration and providing better pore-filling in the scaffold. Moreover, the
structure doesn’t require any HTL, which also render an improved stability for the
corresponding perovskite solar cell. Around 10% PCE was obtained for the device and
stabilized for more than 1008 hours under 1 sun illumination at room temperature
without encapsulation. More recently, an interesting work was done by Smith et al. by
changing the structure of perovskite materials from three dimensional to two-
dimensional structure. The Ce¢Hs(CH2).NH3" (PEA) was used to replace certain amount
of MAI to form layered perovskite (PEA)2(MA)2[Pbslio] 1'° There is no obvious phase
segregation after exposure to moisture for 46 days. It is well recognized that the long-
term stability of device can not only rely on encapsulation technology, but also on
modification of the perovskite materials’ intrinsic properties and designing stable ETL
and HTL materials. Substantial efforts on molecule design of the organic species and
corresponding structure change from different organic species are expected to further
improve device stability for perovskite solar cell.
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Figure 16. Long term stability tests of perovskite devices and the photovoltaic
parameters: (a) All solid state MAPbI3 perovskite devices without encapsulation under
white light illumination for over 500 hours in air; (b) Replacing the TiO» with Al.O3 to
prevent the photochemical reaction by UV light, the encapsulated device stabilized after
200 hours under 40 °C with full spectrum illumination; (c) Al doped TiO, was used to
reduce the surface defects of TiO2, the encapsulated devices were performed to show
an improved stability. (d) HTL free, (5-AVA)x(MA)1-xPblz perovskite device based on
ZrO, as mesoporous scaffold and carbon as electrode demonstrated more than 1008
hours stability under full sunlight illumination without encapsulation. Adapted with
permission from ref. (77, 87, 114, 116). Copyright 2014 Nature Publishing Group, 2014
Wiley, 2014 American Association for the Advancement of Science.

6. Conclusion

Film formation of the absorber layer is the key factor that determines the eventual
performance of a perovskite solar cell. The successful demonstration of high
performance perovskite solar cells based on mesoporous oxide scaffolds has proven the
importance of the film quality, e.g. surface coverage and roughness, loading percentage,
and crystallinity. However, a high temperature annealing process is needed to fabricate
the mesoporous scaffold, which may increase the processing complexity and cost, and
decrease the compatibility of implementing a high performance flexible product, as
well as integrating tandem cells onto existing technologies, e.g. Si and CIGS modules.

Approaches based on a planar device configuration simplify the fabrication of high
performance devices. These methods rely on the careful control of the reaction between
the organic and inorganic species, and the formation of a continuous film with a large
average grain size. Various parameters including chemical stoichiometry, annealing
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temperature and time, deposition solvent(s), processing environment, and additives,
play an instrumental role in improving the film quality. This simplified configuration
and its accompany relaxation of processing conditions further promises lower
processing costs and simple implementation of this type of device.

Numerous research efforts within the perovskite solar cell community are ongoing
in hopes of approaching practical commercialization in the coming years. On-going
efficiency and stability improvements are expected, with an unprecedented level of
progress in film formation and its corresponding understanding of materials and
processes. The advantage of perovskite solar cells over existing solar technology lies
within their excellent optical and electrical properties, low cost raw materials, and facile
film and device fabrication. It is anticipated that the demonstration of new solar
technologies based on perovskites, or the integration of an established manufacturing
method that uses both perovskite and existing technologies are particularly promising
for the future photovoltaic market.
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