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Abstract: Organic/inorganic hybrid lead halide perovskite solar cells have recently emerged as the forerunner in the next
generation of photovoltaic technology due to unprecedented progress in power conversion efficiency from their debut of 3.8%
in 2009 to the currently certified 23.3%. Mixed PSC solar cells are subject to compositional degradation when exposed to
ambient surroundings, which thwarts their real-world applications. Moreover, lead-based compounds pose
environmental/health hazards. Very recently, all-inorganic lead-free perovskites have attracted enormous attention because this
type successfully dismantles two roadblocks—instability and toxicity, which would accelerate the commercialization. In this
outlook, we offered our perspective on the most recent developments in material sciences of halides all inorganic perovskites
with possible alternatives to lead, the synthesis approaches, assessment of various device configurations and their progress in
solar cells. For the sake of comparison, we also reviewed some all-inorganic but lead-based counterparts in order to motivate
researchers to explore all the potentials. Surveying recent developments toward lead-free all-inorganic perovskite solar cells
would offer a roadmap for developing new materials and navigate uncharted territory in solar energy fields.

Keywords: Perovskite Solar Cell, Power Conversion Efficiency, n-i-p Junction, Tandem, Up/Down Conversion,
Intermediate Band

broken the dawn of a new era in optoelectronic technologies.
In spite of their tantalizing prospects, organic-inorganic
hybrid halide PSCs are subject to compositional degradation
when exposed to ambient surroundings. To date, the most
reported  organic-inorganic lead halide  perovskite
CH;NH;Pbl; (MAPbI;, CH3;NH;=MA, can be replaced with
CH (NH,),=FA; X=Cl, Br or ), is also the record holder with
23.3% power conversion efficiency (PCE). The fast and
irreversible degradation of MAPDI; confines virtually all
measurements to a well-sealed nitrogen-filled glove box.
Meanwhile, the toxicity of lead-based compounds further
necessitates the pursuit of alternatives beyond MAPDbI;.
Therefore, identifying the right ingredients for perovskite to
achieve ideal photo-electronic properties and strengthen
stability, at no cost to the environment, has proven a
compelling challenge. In this review, we summarized the

1. Introduction

In a world seeking cost effective, easily processable,
efficient and versatile solar cells to mitigate the energy crisis,
the rise of solar cell materials called perovskites has excited
the photovoltaic research community because their efficiency
at converting sunlight into electricity has soared from their
debut of 3.8% in 2009 [1] to the currently certified 23.3%
[2]. The newly emerging perovskite solar cell (PSC) rapidly
outperformed the well-established technologies such as
multi-crystalline Si (21.3%) and Copper Indium Gallium
Selenide (CIGS, 22.3%) cells in such a short time [3], not
only because of their phenomenal optoelectronic properties
and the scalable popular solution processablity but also the
diversity in device architectures with ease of fabrication.
Therefore, it has been claimed that the advent of PSCs has
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photovoltaic studies on the possible avenues to tackle the
instability and toxicity of PSCs including alternatives to
lesser lead or lead-free stabilized perovskites, synthesis
approaches, assessment of various device configurations and
their photovoltaic (PV) performance. In the meantime, the
potential development trend was envisioned to inspire the
new material discovery and novel design for devices.

2. Materials for All Inorganic
Perovskites

Perovskite, developed initially as sensitizers in dye-
sensitized solar cells [1], was named after Russian
mineralogist Perovski, who first characterized the crystal
structure of ABXj. Actually, a large family of compounds,
with the same formula, can be called perovskites, which
typically have unit cells composed of five atoms in a cubic
structure [4], where A and B are 12- and 8-coordinates
cations, located at the cube corners and body-centered
positions, respectively, and X (X=halogen or oxygen) is the
anion at the face-center positions, as depicted in Figure 1. A
wide variety of elements with different valence can be
incorporated, so long as charge neutrality is satisfied. The

f

P>

Goldschmidt tolerance factor (GTF) [5], t, has been
extensively adopted to map the formability of halide

perovskites based on the chemical formula ABX; and the
Rp+Ryx

V2(Rp+Rx)’
t>1, perovskite materials tend to form a hexagonal structure;
when 1>t>0.8, the preferential structure is cubic; while if
t<0.8, an orthorhombic structure is readily formed. To further
clarify the formability/stability of ABX; perovskites, a (t, u)
map is introduced [6], where u is the octahedral factor of the
ratio of the B-site cation (Rg) and the X-site anion (Rx).
Based on the existing perovskites, a simple empirical
measure for stable ABX; perovskite is concluded that t must
be within 0.7<t<1.107, and 0.377<u<0.895. Other than the
tolerance/octahedral factor, the ionization energy of the
cation, dimensional phases of perovskite materials, valence
band and so on, also play parts in the formability and
stability of perovskite structures. By varying temperature, the
structure undergoes structural change even with the same
chemical compositions. Take MABX; as an example, at
lower temperature, MABX3 forms in an orthorhombic phase
(space group pmma) successively transforming into a
tetragonal (space group: [4/m) and cubic structure (space
group pm3m) when increasing temperature.

ionic radii r; of each ion (A, B, X), where t= When

Figure 1. The diagram of crystal structure of Perovskite. Reproduced with permission [4]. Copyright 2015, American Chemical Society.

2.1. On a Site

As aforementioned, the best performing perovskite solar
cells are the organic-inorganic hybrid halide compounds. The
instability of this mixed type presents a challenging issue for
practical applications. Addressing fragility and achieving
long term stability entails replacement of the notoriously
volatile organic component in the hybrid PSCs with an
inorganic substitute. In particular, MA or FA is very sensitive
to moisture/oxygen due to their high hygroscopicity.
Inorganic monovalent alkali cations stand out as substitutes
due to their stability in ambient surroundings. The tolerance
factor calculations show almost all monovalent cations (for
instance, the alkali metals (Li", Na", K")) are mismatched to
sustain a photoactive ABXj; perovskite because of their

smaller size. When compared with MA™ (1.80 A) or FA +
(1.90 &), the Cs* (1.67 A) and Rb" (1.52 A) cations have
smaller ionic radii, however, their GTF, for APbls, are within
the proper range for stable perovskites. Additionally, since
they are oxidation-stable monovalent cations, Cs/RbPbXj; (as
well as MAPbX; and FAPbX;) falls into the well-established
perovskites. The substitution Cs* for the larger organic
cations leads to an octahedral tilting, accordingly widening
the bandgap from 1.50 eV to 1.73 eV in CsPbl; with a cubic
phase (1.7% efficiency) [7], while CsPbl; with an
orthorhombic structure has an even wider bandgap of 3.0 eV.
As far as the PV performance is concerned, CsPbl; with a
cubic structure turns out to be the most reported inorganic
lead based perovskite, due to its suitable bandgap and the
dramatically improved thermal stability [8]. Some reports [9-
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10] indicate that the inclusion of Rb" leads to the formation
of non-perovskite structure since its size is too small to
stabilize the perovskite lattice.

Theoretical calculation [11] also shows thallium ion (TI,
4£'*5d'°6s%) could replace MA" to form TIPbI; with a band
gap of 1.33eV based on the Density Functional Theory
(DFT). The density of states of TIPbl; suggests a stronger
bond exists between TI and I, leading to lower total energy
and higher stability compared to CsPbl;, while the carrier
concentration in both are comparable from -20°C to 50°C.
However, no experimental result has been reported on TIPbl;
yet.

2.2. On b Site Alternatives to Lead

The best performance of lead halide perovskites is
attributed to the superior and unique photovoltaic properties
such as extremely high optical absorption coefficients,
balanced electron and hole mobility, super-long photo-
generated carrier diffusion lengths and life times, low trap
densities, small exciton binding energy, ultra-small Urback
energies [12-13], and so on. These phenomenal
optoelectronic properties of them bear similarities to the gold
standards of the widely commercialized silicon based SCs,
which feature by an appropriate band gap; the extremely
high optical absorption coefficient; the long-lived photo-
generated electrons/holes with long diffusion lengths and
balanced electron-hole transport, etc. These characteristics
explain why the newly emerging PSCs are superior to the
well-established PV technologies [14].

Pb, as a heavy element, has unique atomic electronic
configuration-- the lone pair Pb 6s, inactive Pb 6p°, and a
strong spin-orbit coupling (SOC) caused by the large size
and heavy mass. Theoretical calculations [15] indicated that
exceptional photovoltaic properties of lead halide perovskite,
particularly extremely high optical absorption coefficients
and long carriers lifetimes and diffusion lengths, stem from
the electronic states of lone pair Pb 6s® and inactive Pb 6p”.
The transition matrix elements and the joint density of state
(JDOS) determine the optical absorption of a semiconductor.
As a comparison, the silicon-based light absorber is an
indirect bandgap semiconductor with optical absorption close
to the band edge from the Si p orbital to the Si p and s
orbitals. The bandgap of MAPbI;, for instance, is direct,
leading to stronger optical absorption. In contrast with GaAs
in which the electronic structures of them are very different.
The lower conduction band (LCB) of GaAs is derived from
the dispersive Ga 4s states, while the LCB of MAPDI;
primarily consists of Pb 6p states. The atomic p orbitals
exhibit less dispersion than s orbitals do, leading to a higher
JDOS in halide perovskites. Therefore, the stronger optical
absorption coefficient of MAPbDI; is seen up to 1 order of
magnitude higher than that of GaAs within the visible light
range. Visible light accounts for the major portion of the full
solar spectrum. High absorption in this portion is critical to
determine high efficiency solar cells. It is no surprise that the
Pb halide perovskites (MAPbI; and CsPbls) outperform
GaAs, CulnSe, (CIS) and Cu,ZnSnSe, (CZTSe) for any

given thickness in conversion efficiencies. It is noteworthy
that the halide perovskites with very thin layer (0.3mm, for
MAPbI;) could achieve much higher efficiency (21%) than
that of GaAs-based solar cells (13%).
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Figure 2. Schematic illustration of the transformation between the
Perovskite Crystal Structures of ABX; and B-Site deficient ABl1Xs
Reproduced with permission [21]. Copyright 2018, American Chemical
Society.
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Despite phenomenal performance, Pb-based halide
perovskites pose hazards to the environment and human
health. In order to lessen the toxicity, the most obvious
option for Pb replacement is to adopt another group 14
metal, such as Sn**, Ge*". Owing to their optical band gaps in
the red-infrared and good charge carriers mobility’s [16], it
seems that Sn-based halide perovskites hold great promise of
opto-electric applications. Mathews et al [17-18] attempted
CsSnl; and CsSnl;Bry as a light absorber. The very small
band gap of 1.27e¢V of CsSnl;, resulting in a near-infrared
light absorption onset to 950 nm, achieves relatively high J.
values up to 27.67 mA/em’, but the efficiency is still
mediocre, at 3.56% [19]. Whereas, the organic-inorganic
counterpart FASnl; possessing a closer optimal band gap for
single junction solar cells of 1.41 eV, has achieved 7.14%
[20]. Although CsSnl; does not have desirable PV
performance, it lays the foundation for the Sn-based halide
perovskites derivatives with A,;SnXs, which demonstrate
good stability in air and moisture due to the Sn in its +4
oxidation stable state. These compounds can be viewed as
cubic double perovskites Cs,Sn,Xs by removing half of the
octahedral Sn atoms to form so called “vacancy ordered”
double perovskites indicated as Cs,Sn*" T10X¢(0 represents
vacancy) [21], as portrayed in Figure 2. Since they are
reminiscent of molecular crystals, fascinatingly, unusually
dispersive electronic band structures are exhibited by these
materials with a direct band gap as low as 1.3 eV in the case
of Cstl'l216 [22]

For Ge-based perovskites, most of them are still limited to
theoretical simulation. For instance, CsGels, the calculated
band gap of 1.6 eV, is the lowest one among AGel;
compounds. However, theoretical studies also show that Ge
vacancies in CsGel; are the dominate defects with shallow
transition levels and rather low formation enthalpy, yielding
a very high hole density, which is detrimental to the
photovoltaic performance [23]. To our best knowledge, the
most recently reported Ge-based all inorganic perovskites,
albeit, with partial replacement of Pb, was attained by Yang
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et al [24]. They reported that after the introduction of Ge*”,
the phase stability of the all inorganic perovskite is
enhanced. Meanwhile, the decent PCE of 10.8 % with high
open circuit voltage (VOC) of 1.27 V in a planar solar cell
based on CsPb, 3Gey,I,Br perovskite was achieved.

Apparently, the PV performance of substitution group 14
metals for Pb needs further improvement. At the same time,
the replacement of 14 group metals with Pb in halide
perovskites exacerbates the instability since they are prone to
self-doping effects and structural instabilities, owing to the
known tendency of oxidization from divalent Sn*"/Ge*" to
tetravalent Sn*"/Ge*". Consequentially, solar devices tend to
degrade rapidly upon exposure to surroundings. Moreover, it
is unclear whether Sn would be safer than Pb because one of
the degradation products, Snl,, may be as harmful as its lead
analogue Pbl,.

Very recently, Mn>" has been attempted to partially replace
the poisonous Pb in perovskites, which points to the new
direction in possibly alleviating the toxicity in this field. Mn
doping in high band gap semiconductor hosts, where the
excitation energy is transferred to a Mn d-state, results in
short-range tunable yellow-orange d—d emission. Due to the
fact that Mn>" could effectively modulate the electronic and
optical properties of II-VI semiconductor nanocrystals [25-
26], by using a modified synthetic method with a
complicated purification process, the introduction of Mn*"
creates electronic states in the midgap region of CsPbCls
with distinct charge transfer dynamics [27, 28, 29]. Since
doping-Mn does not only affect the band gap of the host
perovskite, but also the morphology of the films, research
[30] suggests that CsPbgg9sMnggosli0Brig9 demonstrates
superior quality and homogeneous thickness with high
reproducibility. The higher PCE reaches 7.36%, compared
with 6.14% of CsPblBr, with long lasting operating time of
more than 300 h in ambient atmosphere. However, to our
best knowledge, there has been no report on the complete
substitution of Mn for Pb and the toxicity issue has been not
totally addressed by Mn.
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Figure 3. Schematic illustration of the transformation between the
Perovskite Crystal Structures of CsSbBr; and 2-D layered Cs;Sb,Bry by
removing every third Sb layer along the (111) direction in (a) and (b). (c)
unit cell of Cs;Sb,Brg (d) Transmission and Photoluminescence spectra of
Cs38b:Bry. Adapted with permission [31]. Copyright 2017, American
Chemical Society.

These considerations raise questions: are there other
options to replace Pb in perovskite solar cells by nontoxic
elements, without compromising efficiency or stability? Or is
Pb absolutely essential? How about the other metal cations
with lone-pair s orbitals such as Bi’", Sb>*? Due to tri-
valence of Bi’", Sb**, in order to enable these heterovalent
substitution, the chemical composition needs to be altered
asA3 B3t X5, accordingly. Meanwhile, the compounds with
formula of A3 B3* X5 can be thought as the same category as
“vacancy-ordered” perovskites of AB,,3X3;, where one in
three octahedral B** sites is vacant in order to maintain the
charge neutrality. More specifically, each vacancy layer and
two B-atom layers are alternatively stacked along the <111>
direction of the cubic perovskite structure. The structures of
them are termed “two dimensional layered perovskite
derivatives” and crystallized in P3ml space group [31], as
sketched in Figure 3(a) and (b) about how the structure
changes from CsSbBr; to Cs;Sb,Brg. In these compounds, A
is a monovalent cation like Cs'or Rb" and B is a trivalent
metal cation like Bi**or Sb*'to replace Pb**. The unit cell
structure is depicted in Figure 3(c). All these compounds
have band gaps around 2.1 eV (For instance, the bandgap of
Cs3Sbylg is 2.05 eV as shown in Figure 3(d) while that of
Cs3Biyly is even larger of 2.86 eV), poor carrier transport and
optical properties. At the same time, the layered perovskites
possess reduced band dispersion near the bandgap, resulting
in larger effective masses of electrons and holes (0.44-0.62
and 0.60-0.68 m,, respectively). Relatively large bandgap,
inferior carrier transport, optical properties, and heavier
effective carrier masses are all highly detrimental to the
photovoltaic performance. In spite of the fact that they
demonstrate less toxicity and excellent stability for over 40
days upon continuous exposure to humidity and ambient
surroundings in contrast with the lead-based analogues,
expectedly, the reported efficiencies of Cs;Biylgand Rb;Sb,ly
are very poor, 1.09% [32] and 0.66% [33], respectively.

Figure 4. (A)Schematic illustration of ordered double perovskite crystal
structure of Cs,AgBiBrs Orange, gray, turquoise, and brown spheres
represent Bi, Ag, Cs, and Br atoms, respectively. (B) Photograph of a single
crystal of Cs,AgBiBrs (C) The Bi*'face-centered-cubic sublattice in
Cs,AgBiBrs, consisting of edge-sharing tetrahedra. Reproduced with
permission [35]. Copyright 2016, American Chemical Society.

An alternative possibility to realize lead free compounds
while retaining the conventional perovskite structure is to
pair B-site with one monovalent and one trivalent metal
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cation to form B-Cation-Ordered double perovskite of
A,B'B'X, with doubled unit cell, in which B’ =
Cu*,Ag*,Li*;B" = Bi®*,Sb3*,Ln3*. These cations are
expected to be able to raise the VBM by forming strong
antibonding coupling between cation d/s-anion p orbitals in
these new halide double perovskites. Much work remains to
be done in order to assess the potential of lead free double
halide perovskites, due in part to the seemingly
insurmountable difficulty in developing a synthetic route to
obtain uniform thin films of the correct phase and
composition. According to the available investigations,
Cs,AgBiBrg is the first halide double perovskite to be
considered for photovoltaic applications [34]. The crystal
structure of Cs,AgBiBry is sketched in Figure 4. Irrespective
of good stability against air and moisture, theoretical
calculations suggest that the VBM mainly consists of Ag d-
Br 5p antibonding states, while the CMB results from Bi 6p-
Br 4p antibonding states, which does not match 3D
connectivity, leading to a lower-than-3 electronic
dimensionality. Consequentially, an indirect band gap of 1.95
eV is exhibited by Cs,AgBiBrs with long carrier
recombination life time (660 ns) [35] and highly anisotropic
carrier  transport  properties. =~ Meanwhile,  further
investigations reveal that the dominant defects, such as Bi
vacancy and Ag-on-Bi antisite, create deep states in the
bandgap [36], explaining why Cs,AgBiBrs cannot be a
promising photovoltaic absorber comparable to the Pb-based
perovskites. Cs,AgInClg has been reported as a direct-
bandgap halide double perovskite. The synthesized
Cs,AgInClg displays white coloration with an experimentally
measured optical bandgap of 3.3 eV [37], unsuitable for
efficient thin-film photovoltaic utilization. As a matter of
fact, most of these halide perovskites are highly ionic and
have indirect bandgaps, spanning from 1.8-2.2 eV
(Cs,AgBiBrg) to 2.2 eV-2.8eV (Cs,AgBiCl) [38-39], which
is too large for single-junction solar cells.

2.3. Options on X

So far it has been a widely known fact that X is limited to
halide in this newly emerging perovskite solar cell. Single
halide on the X site has been attempted, demonstrating
advantages and deficiencies. For instance, the stabilized
CsPbBr; with bandgap of 2.3 eV does not absorb light
beyond 540 nm [40, 41], greatly limiting its absorption with
the best PCE of 10% [42] to date, while CsPbl; with an
appropriate bandgap of 1.73 eV and the to-date PCE of
15.7% [43], however, suffers phase instability [44, 45, 46],
with the photoactive a-phase (black) quickly degrading to a
non-perovskite d-phase (yellow) at room temperature and
under trace amounts of moisture [47]. Partially replacing the
bulky I" ion with the relatively smaller Br ion should
stabilize the structure. For instance, the dual halide
perovskite (CsPbl,Br) with an increased Goldschmidt
tolerance factor (0.84) [48] enables the synthesis CsPb(Br,l;.
)3 perovskites to be thermodynamically more favorable at
room temperature [49]. More significantly, controlling the
halide stoichiometry in CsPbX; has been explored as an
effective means for tuning the bandgap. For example, from

iodine-rich to bromine-rich phases, the bandgaps of
CsPbl,Br and CsPbIBr, are 1.91 eV and 2.05 eV,
respectively. Among all the dual halide all-inorganic
perovskites, CsPbl,Br turns out to be the most studied mixed
halide not only because of its narrower bandgap, but also due
to a much improved ambient stability. The device fabricated
with CsPbIBr, has a PCE of 6.3% with a spray-assisted
solution process [50-51], which allows for a sequential
solution process of CsPbIBr,, overcoming the solubility issue
of bromide ion in the precursor solution that would otherwise
occur in one step solution process. However, in air an
optimal annealing temperature of 300°C is required which
plays a critical role in the film quality and device
performance, because the higher temperature could result in
excess Csl in the film. The hole-transport-layer free
CsPbIBr, based solar cells deposited by dual source thermal
evaporation has shown a PCE of 4.7% with the 12-h stability
at 200°C in a nitrogen glovebox and 2-h duration at 150°C in
the ambient atmosphere [52]. Owing to the high density of
unfavorable defects and mismatched band alignment in the
devices, the most studied CsPbl,Br perovskite solar cells
yielded a relatively low open-circuit voltage (<1.2V) and a
low short-circuit current density (<14mA/cm?), leading to a
poor PCE commonly below 12%. Strategies to control
CsPbLL,Br growth (optimizing annealing temperature [53],
solvent control growth [43]) for effectively reducing defects
allow the PCE to achieve 14.6% [54]. A precursor
engineering process could push the PCE to a value of
14.78% [55], while a temperature-assisted crystallization
process further increases the PCE to 14.81% [56]. In 2019,
Chen and coworkers [57] reported the PCE of 16.07% with
robust stability against moisture and oxygen after 120h under
100 mW/cm?® UV irradiation. The synergetic approach they
adopted consists of gradient thermal annealing and anti-
solvent treatment to attain a high quality CsPbl,Br film with
a low defect density. Amazingly, the device could retain 95%
of its initial efficiency for up to 1000 h with 30% humidity at
room temperature.

Some efforts have been devoted to reduce toxicity for the
mixed halide perovskites, like CsPbgoSng;IBr, [58] which
was prepared via the facile solution approach under ambient
conditions, demonstrating a suitable bandgap of 1.79 eV.
When incorporating carbon as counter electrodes, the device
fabricated with CsPbg¢Sn, IBr, exhibits a high open-voltage
of 1.26 V and an excellent PCE up to 11.33%, breaking the
record among the existing Sn-based perovskite solar cells.

3. Synthesis Routes for High Efficiency
All Inorganic Perovskites Solar Cells

3.1. Hot Inject Method

Hot inject method is widely adopted for the preparation of
CsPbX;, particularly in nanocrystal structures. The method
to produce CsPbX; nanotubes, based on high temperature hot
injection, was developed by Kovalenko [59] and coworkers
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in 2015, and refined by other research groups like Alivisatos
[60] and coworkers to synthesize nanoplatelets. According to
the hot-injection method for synthesizing conventional
semiconductors in quantum dots [61], Cs,CO; is added into a
mixture of 1-octadecene and oleic acid and then dried at 120
°C for 1 h, followed by being heated to 150°C under N°. The
obtained cesium oleate solution is kept at 100°C to prevent
precipitation. Next, a mixture of 1-octadecene and PbX; is
vacuum-dried at 120°C for 1 h and purged with N°. Dried
oleylamine and dried oleic acid are added to the solution at
120°C. After PbX, is completely dissolved, the solution is
heated to a certain temperature between 140°C and 200°C to
finely tune the size of the nanocrystals. The pre-heated
solution of cesium oleate is quickly injected into the solution
containing PbX, at the right temperature. 5 s later, the
mixture is cooled in an ice-water bath to cause precipitation
of CsPbX; nanocrystals. The nanocrystals are collected by
centrifugation, and re-dispersed in toluene or hexane to
obtain a stable colloidal solution for film development. The
experimental setup for hot injection is shown in Figure 5.
This tedious hot injection method demands high temperature,
is generally performed under an inert atmosphere, and only
can be applied to control the thickness of bromine-based
perovskites [62]. Later on, Seth et al [63] reported an
injection synthesis route at room temperature, in an open
atmosphere, which is facile and highly reproducible, yielding
up to 6 different morphologies by varying the solvent, ligand
and reaction time.

Hot injection

A
4

Temperature
of injection:
65-200°C

A: A cation-oleate / Halide precursor
B: PbX; in ODE with ligands
/Solution of A cations and Pb2*
with ligands

Figure 5. Diagram for hot-injection synthesis approach. Reproduced with
permission [61]. Copyright 2015, American Chemical Society.

3.2. Most Popular Solution Approach

To deposit all-inorganic perovskites on a substrate, the
most adopted, cost-effective, ease methods are one-step or
two-step coating method [64-65], which are illuminated in
Figure 6. The appropriately mixed Csl and Pbl, solution is
spin-coated (for one-step) to form all inorganic perovskite
thin films in which the solute of CsI and Pbl, are dissolved in
the proper solvent, commonly used, a polar aprotic one like
N, N-dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), or gamma-butyrolactone (GBL) as a coating
solution. Drying and annealing are required after coating.

The two-step approach is to spin coat Csl solution after
coating with Pbl,. After Pbl, film is formed on a substrate,
the solution of CsI is spun on the Pbl, film. In order to obtain
high quality perovskite films, it is of vital importance to
optimize the coating parameters such as spinning speed,
time, temperature, solution wettability and viscosity, etc. It
turns out that quality perovskite films with better
morphology and interfaces could be attained by the two-step
method, which is also reflected by the better PV performance
solar cells.

é (Pbl, + Csl)/DMF

ﬂ/ ONE-STEP COATING

Pbl,/DMF Csl/DMF

P> 32 7P

TWO-STEP COATING

Figure 6. Schematic diagrams for one-step and two-step synthesis
approaches. Adapted with permission [65]. Copyright 2014, American
Institute Physics LLC.

3.3. Vapor Assisted Solution Approach/Spray Assisted
Solution Approach

Apparently, the morphology control of perovskite film
plays a crucial role in achieving high efficiency perovskite
solar cells because numerous devices suffer from short-
circuiting issues without any efficiencies due to the poor
quality of films. Although the solution approach is facile, not
energy-intensive, and ready for mass production, the
undesired pinholes in the film could not be effectively
avoided, leading to non-continuous perovskite film in which
shunting pathways are introduced, hampering the solar cell
performance. The formation of pinholes is attributed to the
lack of ideal solvents that can simultaneously dissolve
several components. Another limitation of the solution
approach is that incomplete surface coverage sometimes
occurs, which deteriorates the film quality and limits the
device performance. In order to remedy the situation,
vapor/spray assisted solution approach [66] can serve as an
alternative method. As indicated in the figure, the
vapor/spray-assisted solution approach is as follows: a) pre
prepare the substrate; b) develop inorganic precursor solution
into film onto the pre-prepared substrate by spin-coating; c)
subsequently treat with the proper inorganic vapor/spray
(this step can be repeated a couple of times); d) perovskite
film will be developed via in situ reaction. This approach
takes advantage of the high kinetic reactivity of vapor and
thermodynamic stability of perovskite during the in situ
growth to ensure quality film with well-defined grain
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structure and even up to microscale grain sizes, along with
full surface coverage. Meantime, co-deposition of inorganic
solutions is avoided so that the formation of pinholes is
prevented [67]. Similarly, a spray-assisted solution process,
as good as the vapor one, can yield a well-defined grain
structure with grain sizes up to the microscale, full surface
coverage, and small surface roughness [1, 50, 68, 50]. The
detailed steps are indicated in Figure 7, in which the quality
films with reduced pinholes are attained by the spray-assisted
solution approach after repeating the spray several times.

b

CsBr 2nd

gTo,

§ poer, st

Figure 7. lllustrated diagrams for spray-assisted solution approach to
synthesize quality film of CsPbBr; Reproduced with permission [68].
Copyright 2018, Elsevier Publishing.

3.4. Thermal Evaporation/Vacuum Process

For the preparation for all inorganic perovskite films, the
thermal/vacuum evaporation approach is rarely adopted due
to the fussy and complicated process. For the purpose of
review, the details about this process are introduced. The
dual source evaporation system [52, 69, 70] with ceramic
crucibles is installed as illustrated in Figure 8, CsI and Pbl,
can be co-evaporated from separate crucibles at 10° mbar
with an as-deposited molar ratio 1:1. The dark brown color
appears right after evaporation. Annealing is needed to
crystallize the as-deposited perovskite. For the thin
perovskite films, co-evaporation is required under the
pressure of 10 mbar, the crucible with Csl is heated to 70°C

a

Cs,CO,+PbX,

+oleic acid
+oleylamine

in mineral oil [>
or octadecene

and the other with Pbl, is heated to 250°C. Very recently,
Ajjouri et al [71] have reported that inorganic halide
perovskite is deposited by using a single source. It seems that
the thermal evaporation approach could more effectively
control the thickness of the films when compared with the
solution method. However, since thermal evaporation
requires high vacuums and sophisticated equipment, it
restricts cost effectiveness and mass production.

—

Sensor 3 i

-

Sensor 1

Thermal evaporation sources
e ——

Figure 8. Schematic illustration for Thermal evaporation approach for
synthesis CsPbX; Adapted with permission [70]. Copyright 2015, Materials
Research Society.

3.5. Ultra-Sonication Method

Interestingly, Tong et al [72] reported that CsPbX; can be
prepared with tunable composition and thickness by using an
Ultra-sonication method, as shown in Figure 9(a). X can be
replaced by Cl, Br or I as indicated in Figure 9(b). Mixtures
of precursor salts (Cs,CO; and PbX;) and capping ligands
(Oleylamine and oleic acid) in a nonpolar solvent (mineral
oil or octadecent) are directly sonicicated with a sonication
tip under ambient conditions. This facile and ease route is
followed by a sonication process to prepare for metal
nanoparticles due to metal-ligand complex formation under
ultra-sonication. The required device is merely an ultra-
sonicator.

CsPbCl; <= CsPbBr, = CsPbl,

=

! g

I

Figure 9. Schematic diagram for Ultra sonication approach for CsPbX; and Various products. Reproduced with permission [72]. Copyright 2016, WILEY-

VCH Verlag GmbH & Co. KGaA.



Advances in Materials 2019; 8(4): 142-155 149

3.6. Microwave Irradiation Method

Liu et al [73] developed one-step microwave irradiation
method in which cesium acetate (CsOAc) and lead halide
(PbX,) are mixed in a 50 mL beaker with 1-octadecence
(ODE), bis(2,4,4-trimethylpentyl) phosphinic acid (TMPPA)
and oleylamine (OLA), then the beaker is put in a microwave
oven and heated for a specific time depending on the species
of PbX, (X=Cl, Br and I). They claimed that this single-step
microwave-assisted approach is versatile and polar-solvent-
free, exhibiting flexibility and simplicity in composition
control. Pan et al [74] reported a fast and -efficient
microwave-assisted strategy for the synthesis of high-quality
CsPbX; NCs with controllable morphologies (nanocube,
nanoplate and nanorod) with a high photoluminescence
quantum yield at about 75%.

4. Variety of Device Structures

The beauty of perovskite solar cells is the diversity in their
device architectures due to the distinct material properties,
such as, direct band gap ranging from semiconducting to
metallic, which is tunable through the choice of the “right
ingredients” [75]; broad absorption spectra range with high
extinction coefficient; ambipolar diffusion and long carrier
diffusion length [76, 77]. They can act as either n-type, p-
type, or even intrinsic (i-type) semiconductor, therefore, they
could play a dual role as a light absorber and charge
transporter. As far as the device architecture is concerned,
there are two branches in developing perovskite solar cells:
Meso-structure and planar heterojunction as portrayed in
Figure 10 (a), (b) &(c).

4.1. Meso-structure

Meso-structure easily traces back to its evolutionary
technological ancestry, which are solid state dye-sensitized
solar cells. The mesoporous devices are predicated on
metallic or insulator oxide (commonly, TiO, or ZnO,, or
with Al,O3) thick films as scaffolds infiltrated with a
perovskite material. Since meso-structures typically require a
high temperature sintering step, plastics with low melting
points are excluded as support materials. Usually, perovskite
solar cells with such configuration consist of a highly
crystalline perovskite absorber, a meso-porous electron-
transporting layer (ETL) and a hole-transporting layer
(HTL), sandwiched between a transparent conducting
substrate (TCO) and a metal contact as portrayed in the
diagram. In order to avoid shunting losses, a thin compact
layer of TiO, is deposited on TCO. When a mesoporous
scaffold layer of inert Al,Os is added, this structure is known
as a mesoporous super-structured solar cell, in which the
insulating scaffold layer helps in the formation of pin-hole
free film and induces n-type properties in the scaffold
underlying material [78]. The certified PCE of the
mesostructured solar cells with about 200 nm of perovskite
layer reached above 16% [79]. The mesoporous scaffold

structure greatly facilitates the nucleation and growth of
perovskites and avoids the formation of pinholes to suppress
internal device shunting. In addition, the mesoporous TiO,
scaffold seems to have an effect in suppressing the hysteresis
behavior that is generally more severe in the planar structure,
evidenced by the initial better efficiency [80]. However, the
mesoporous scaffold devices are not easy to commercialize
due to the requirements for thermal processing at high
temperatures.

4.2. Planar Heterojunctions

The second direction is the solid thin film perovskite solar
cells, mostly in the form of n-i-p (or inverted p-i-n, even p-n)
planar heterojunctions, which are intensively employed
because of the simple device configuration. One advantage
over meso-structure is that planar heterojunctions could
reduce production costs and difficulties caused by the
fabrication of mesoporous layers. More importantly, the
removal of the mesoscopic layer considerably simplifies the
device fabrication process, often at low temperatures [81],
which holds great potential for mass production [82]. In n-i-p
heterojunctions, solid perovskites absorber films act as an
intrinsic semiconductor (a major light absorbing layer),
sandwiched by n-type (mainly as ETL) and p-type (mainly as
HTL) materials. While in the inverted p-i-n structure, the
hole-selective layer is directly deposited onto TCO substrates
and an electron transporting layer on top of the perovskite
absorber as depicted in the diagram. In the planar structure,
the charge diffusion length of perovskites can be larger than
the depth of the light (the film thickness), guaranteeing a
higher internal quantum efficiency [83]. Charge carrier
mobility (in excess of 20 cm” V''s™) and emissivity in the
planar perovskite films are better than those in meso-
structured perovskites [78]. Depletion regions at the p-i and
i-n are added up and an internal field is established across the
entire i-layer, which provides the driving force for separating
photo-generated charge carriers. As a result, an open circuit
voltage (Voc) and a short circuit current (Isc) are generated,
which decisively determines the photovoltaic performance.
Not only could appropriate p-type and n-type materials
facilitate the separation of carriers, but they could also
enhance light harvesting because absorption at wavelength
regions relevant to each material grew as layers were
deposited. The record holder PSC adopts the planar
architectures. However, the planar device would likely have
structural imperfections, such as pinholes, non-homogenous
crystal growth, and low coverage associated with planar thin
films [84]. Low coverage and non-uniform crystalline
network may result in low resistance shunting paths,
reducing the maximum attainable open circuit voltage and
fill factor, while the poor surface coverage causes the
incident photons to pass straight through the uncovered
areas, decreasing the available photocurrent. Also excess
shunt paths due to direct contact between HTL and ETL lead
to the formation of parallel diodes in the solar cell equivalent
circuit [85].
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Figure 10. lllustrated diagrams for various architecture of perovskite solar
cells. a) mesoporous structure b) n-i-p structure c) inverted p-i-n
configuration.

Perovskite solar cells could adopt various configurations
and each of them have achieved successes. Thus many
unanswered questions remain including: 1) Are there
significant differences in the working principles among
various configurations? 2) What are the physical electronic
mechanisms that govern carrier separation, transport,
extraction, and their recombination? The answers to those
questions are highly mandatory to assess the properties of
materials in each layer, electrode contacts, and the overall
architecture of the device. Since the perovskite layer not only
acts as a photo-absorber to generate carriers, but also
transport holes or electrons efficiently to the corresponding
electrode directly, the presence of p-layer (HTL) or n-layer
(ETL) is not a prerequisite for the device function. In
addition, the simpler planar structure will facilitate to better
understand the bolts and nuts of perovskite solar devices.
Therefore, ETL free [86-88] or HTL free [89-91] devices
have been extensively explored, helping thoroughly
scrutinize two key interfaces — the perovskite/ETL and the
perovskite/HTL since they play vital parts in carrier
separation, carrier diffusion and charge transporting.
Comparison of the merits of each architecture (p-i-n, p-n
without HTL and p-n without ETL) would shed light on the
origins of various photovoltaic properties including intense
light absorption, long carrier diffusion length, and carrier
transport, etc. To date, the simplest device was reported by
Duan et al [92] that was built as (FTO)/CsPbBr; /carbon
architecture by a multistep solution-processed deposition
technology, achieving an efficiency as high as 4.1% and
enhanced stability upon interfacial modification by graphene
quantum dots and CsPbBrl, quantum dots. The concomitant
advantage of these simplest solar cells is the riddance of the
high cost of a state-of-the-art hole-transporting layer.

5. Future Direction and Challenges

All inorganic perovskites, particularly lead free, are of
vital significance on both scientific and industrial
engineering fronts due to their exceptionally low cost process
and meritorious optoelectronic properties promising for

widespread applications, not limited to photovoltaic fields. In
spite of an inviting vista of commercialization demonstrated
by these newly emerging photovoltaic materials, many
challenges still lie ahead. At present, lead with an intrinsic
superiority seems to be irreplaceable since the performance
of lead-free perovskites solar cells has not surpassed that of
lead-based analogues although a lot of attention has turned to
the development of environmentally friendly perovskites.
The toxicity still remains a big issue which cannot be
neglected. Additionally, long term stability has been realized,
unfortunately, at the cost of efficiency. Most reported PSCs
with relatively long term stability in ambient conditions
under full sunlight achieve the lackluster PCE [93]. Thus,
overcoming instability without sacrificing the efficiency
seems formidable. All-inorganic perovskites demonstrate
relatively long lasting operating time, but lower efficiency,
due in large part to their far-from-optimal bandgap. After all,
PSCs still fall into the semiconductor-based PV category, in
which the band-gap of backbone materials of perovskite
plays a decisive role in the PV effect because only photons
with energy higher than (or at least equal to) the band gap
can be efficiently absorbed, the photons with energy less
than the band gap being completely wasted due to the lack of
absorption. As a result, the Shockley-Queisser (SQ) limit
places an upper bound on an efficiency of 31% for
perovskite solar cells based on the theoretical calculation for
a single-gap solar cell’s maximum thermodynamic efficiency
[94]. Even the PCE of the mixed organic-inorganic PSCs,
debuted with 3.8% in 2009; 22.1% in 2016 and 23.3% in
August 2018 [2]; seems to have reached a plateau, which is
far below the SQ limit of 31%. Thus, breakthroughs in the
PCE become more imperative, especially for stabilized
inorganic perovskites with considerably poor efficiency. A
tandem scheme [95] of different bandgap materials to form
double-junction or triple-junction is one of possible
strategies to overcome the SQ limit, which has been
commonly pursued as “full-spectrum” solar cells to
optimally harvest photons [96]. High efficiencies exceeding
30% are predicted for both two terminal and four-terminal
configurations with Si/perovskite tandem cells [97]. Albrecht
et al [98] in November 2018 reported that the PCE of
perovskite-silicon tandem solar cells has achieved 25.5%,
which is the highest published value to date. His team
constructed an efficient perovskite/silicon tandem solar cell
with a back-side etched with a silicon layer. The perovskite
layer was spin-coated onto the smooth front-side of the
silicon. The team afterwards applied a polymer light
management (LM) foil to the front-side of the device which
enables processing of a high-quality perovskite film on a flat
surface, while still benefiting from the front-side texture. By
comparison, modifying the band gap of single band-gap host
materials seems more promising. For instance, introducing
an additional energy-level into the forbidden as an added
trap-level, is called intermediate band (IB) [99]. Or adding
the lanthanide series elements with up/down conversion
capability [100] into the host materials allows for the
increased light harvesting by sequential absorption of
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photons so that light absorption is extended to a broader
wave-length region on the solar spectrum.

6. Conclusions

In all, the most recent developments in material sciences
of halide all inorganic perovskites were reviewed, with
possible alternatives to lead, the synthesis approaches,
assessment of wvarious device configurations and their
progress in solar cells. Even some all-inorganic but lead-
based counterparts were summarized and compared in order
to motivate researchers to explore all the potentials.
Surveying recent developments toward lead-free all-
inorganic perovskite solar cells and the envisioned future
directions would offer a roadmap for developing new
materials and navigating uncharted territory in solar energy
fields. The new materials development and optimization of
device structure and related manufacture technologies greatly
hinge on the comprehensive understanding of photovoltaic
mechanisms. Therefore, the theoretical consensus about the
working mechanisms of perovskite solar cells is in dire need,
which can guide more rapid strides in the technologies,
pursuing more efficient/stable, more environmentally
friendly perovskite materials and novel device design.
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