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Abstract: Organic–inorganic hybrid perovskite solar cells (PSCs) have made immense progress in
recent years, owing to outstanding optoelectronic properties of perovskite materials, such as high
extinction coefficient, carrier mobility, and low exciton binding energy. Since the first appearance
in 2009, the efficiency of PSCs has reached 23.3%. This has made them the most promising rival to
silicon-based solar cells. However, there are still several issues to resolve to promote PSCs’ outdoor
applications. In this review, three crucial aspects of PSCs, including high efficiency, environmental
stability, and low-cost of PSCs, are described in detail. Recent in-depth studies on different aspects
are also discussed for better understanding of these issues and possible solutions.
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1. Introduction

Due to the low efficiency and environmental problems of fossil fuels, exploring renewable energy
sources to meet the increasing energy demands has become more and more important for industrial
applications and human life. Among the available renewable energy sources, solar energy is considered
as the most promising source to solve the energy crisis. Since the first solar cell was created in Bell
Laboratory in 1954, the photovoltaic industry has achieved very great developments, and various new
types of photovoltaic technologies have emerged, such as thin-film and organic solar cells, besides
conventional crystalline silicon solar cells. Owing to outstanding optoelectronic properties, PSCs have
attracted great interest in recent years, and become a promising candidate for crystalline silicon
solar cells.

Halide perovskite materials were first adopted as a sensitizer in dye-sensitized solar cells (DSCs).
In 2009, Miyasaka and co-workers demonstrated a liquid electrolyte perovskite solar cell using
CH3NH3PbI3 (MAPbI3) as the sensitizer, with a power conversion efficiency (PCE) of only 3.8% [1].
Park et al. fabricated a MAPbI3 quantum-dot-sensitized solar cell using the same dye-sensitized
concept, and the PCE was improved to 6.5% because of the surface modification of TiO2 in 2011 [2].
However, the stability of PSCs, mentioned above, was found to be a few minutes, because the
quantum dots dissolved gradually into the redox electrolyte. In 2012, Kim et al. reported the first
all-solid-state PSC which used 2,2′,7,7′-Tetrakis[N,N-di(4-Methoxyphenyl)aMino]-9,9′-spirobifluorene
(spiro-OMeTAD) as hole transport material, and gained a PCE of 9.7% [3]. In the same year, Lee et al.
replaced the traditional TiO2 mesoporous layer with insulating Al2O3, resulting in an open circuit
voltage (VOC) exceeding 1.1 V. Then, they removed the mesoporous layer, making the perovskite layer
directly contact the compact layer, and obtained the first planar heterojunction PSC with a PCE of
1.8% [4]. Afterwards, the efficiency of PSCs has increased at an incredible rate. In 2017, Seok et al.
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remarkably raised the PCE to 22.1%, making the performance of PSCs comparable with commercialized
crystalline silicon solar cells and thin-film photovoltaics, like CdTe and CIGS, but with extremely low
cost [5]. In 2018, an extraordinary efficiency of 23.3% was achieved and, to the best of our knowledge,
it is current world record [6].

Significant progress has been made in the last decade, and PSCs have been regarded as a strong
competitor for silicon-based solar cells. However, the commercialization progress of PSCs remains
extremely slow. This can be ascribed to the following three aspects. Firstly, the efficiency testing of
some high-performance PSCs is completed under the inert atmosphere in a glove box, and the results
cannot represent the actual operating condition of PSCs; in other words, the efficiency of PSCs is not
enough for outdoor application. Furthermore, the stability of PSCs cannot rival other commercialized
solar cells because of the short lifetime spans. Lastly, even though the cost of PSCs is already lower
than other photovoltaics, the organic hole transport layer (HTL) and noble metal electrode make it
possible for PSCs to further decrease the cost, so that PSCs can be more cost-effective. In this review,
we will provide an overview for recent progress in efficiency, stability, and production cost of PSCs,
with the expectation of accelerating the commercialization process of PSCs and offering a reference
for researchers.

2. Materials and Device Structure of PSCs

2.1. Perovskite Materials

The excellent performance and rapid development of PSCs are attributed to numerous properties
of perovskite materials. Perovskites have generic chemical formula ABX3, in which A is a monovalent
cation, such as methylammonium (MA+) CH3NH3

+, formamidinium (FA+) CH2(NH2)2
+, or Cs+;

B stands for Pb or Sn; and X for iodide (I), bromide (Br), or chloride (Cl). The crystalline perovskite
structure is illustrated in Figure 1. This structure can be described as a 3D sublattice comprising B2+

and X− that coordinate as a BX6 octahedra, which is charge-balanced by A+ filling the empty spaces.
The ion in A site has significant impact on the stability of perovskite lattice, and it can be understood
with the geometric tolerance factor

τ = (RA + RX)/21/2(RB + RX), (1)

where RA, RB, and RC represents the ionic radius of A, B, and C site ions, respectively. Some researchers
have shown that perovskite materials have a stable crystal structure when the tolerance factor is
between 0.78 and 1.05 [7]. The A site ion is located at the center of BX6 octahedral skeleton; if it is
too small, the skeleton of the octahedron will be distorted. When the A site ion radius is, conversely,
too large, the octahedral structure will be destroyed, and the three-dimensional symmetric structure
cannot be formed.
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The most typical perovskite material, MAPbI3, has a band gap of approximately 1.55 eV, which is
the optimum value of photovoltaic materials to respond to all visible light. The extinction coefficient
at 550 nm can reach 1.5 × 104 cm−1 [2], and a 400 nm-thick film of this material can absorb almost
all photons in the spectral range of visible light [9]. The outstanding electrical properties guarantee
superior bipolar carrier transport performance of MAPbI3, which enables the diffusion length of
the electron and hole to exceed 1 µm [10], and allows the carrier mobility to reach 800 cm2/V·s [11].
Moreover, the exciton-binding energy of MAPbI3 film is less than 10 meV [12], while the carrier lifetime
is longer than other thin-film solar cells. In terms of device fabrication, PSCs have simple architectures
with low-cost solution processing methods, making them competitive with other kinds of solar cells.
In addition, PSCs can be easily prepared on flexible substrates, providing wide applications for PSCs
in the future.

2.2. Device Structure of PSCs

Typical PSCs consist of a perovskite active layer sandwiched between a hole transport layer (HTL)
and an electron transport layer (ETL), as well as two corresponding electrodes to collect holes and
electrons. The active layer absorbs sunlight to generate electron–hole pairs, which are conducted to the
fluorine doped tin oxide (FTO) and the metal electrode through the ETL and the HTL, respectively,
to form a photogenerated current.

There are two common configurations of PSCs, namely, mesoporous and planar heterojunction
structures, as shown in Figure 2a,b. The mesoporous PSCs are generally composed of FTO/compact
ETL/mesoporous layer/perovskite/HTL/metal electrode, whereas the planar heterojunction PSCs do
not have a mesoporous layer, thus, the active layer contacts directly with the compact layer. Similar to
DSCs, perovskite materials in mesoporous PSCs, like dyes, infiltrate in the pores of mesoporous layers.
Lee et al. replaced the TiO2 mesoporous layer with insulating Al2O3 to construct meso-superstructured
PSCs. Furthermore, there are some other PSC structures, such as a C-electrode-based monolithic
structure without an HTL (Figure 2c).
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3. Methodologies for Efficient PSCs

The efficiency of PSCs has been raised by a variety of approaches, such as utilizing different
types of ETL and HTL, employing novel device architecture and optimizing the preparation processes.
In view of the perovskite active layer, several methods can be applied to fabricate highly efficient PSCs.
The chemical composition of perovskite comes first on the list of elements affecting the performance of
PSCs, and different combination of ions in each site could create a continuously adjustable band gap
and various crystalline phases at different temperatures, which would have a specific photovoltaic
effect. The quality of perovskite film can remarkably influence the transporting properties of electrons
and holes; on the one hand, the coverage and homogeneity need to be taken into consideration while,
on the other hand, the grain boundaries usually exist in the perovskite film and act as recombination
center that needs to be passivated. The interface between the perovskite and carrier transport layer is
also of great importance in improving the PCE of PSCs. In this section, we will focus on the perovskite
active layer and ascribe the increasing PCE to three aspects, described above, and review recent
progress to facilitate a better understanding for researchers in PSCs.

3.1. Optimization for Chemical Composition of Perovskite

A suitable band gap is significant for the optoelectronic properties of photovoltaic materials.
Absorption spectra can be adjusted through changing the band gap of perovskite materials, and a
narrow band gap means more incident light can be absorbed by perovskite, while a wide one signifies
higher VOC. Generally speaking, high-performance photovoltaic materials have a strong absorption
band in the visible and near-infrared regions. The perovskite structures have a combination of different
components which can be regulated to obtain different band gaps ranging from 1.15 eV to 3.06 eV
through compositional control, to strike a balance between absorption spectra and VOC [14–18].

The most commonly used monovalent cation at A site is MA+, and MAPbI3 with the band gap of
1.55 eV is also ideal for single junction solar cells [19]. The ionic radius of MA+ is favorable for stable
perovskite crystal structure according to the tolerance factor described by Equation (1), but FA+ is
thermally more stable than MA+. Due to the narrower band gap of FAPbI3, it has a better response to
near-infrared light, compared to MAPbI3. This is because the BX6 octahedra creates lattice expansion,
that lowers the value of the band gap. However, organic monovalent cations are not favored by
commercialization, therefore, many studies have focused on inorganic cations. On account of the
constraint of tolerance factor, Cs+, with the largest ionic radius, is often employed as a monovalent
cation of perovskite. In addition, Cs+ is a stable and non-radioactive monovalent cation, making
CsPbI3 one of the few options for inorganic perovskites with an attractive band gap of approximately
1.7 eV that is suitable for tandems with silicon (but suboptimal for single junctions). Nevertheless,
black phase CsPbI3 only occurs at higher temperatures, whereas yellow phase CsPbI3 occurs at room
temperatures, and PSCs based on yellow phase only have a PCE of 0.09% [20]. The diagrammatic
structure of CsPbI3 is shown in Figure 3a, and the absorbance spectra of black and yellow phases of
CsPbI3 are shown in Figure 3b. It can be clearly seen that the CsPbI3 has no light absorption in most of
the visible light region, leading its photovoltaic effect being extremely low. Consequently, perovskite
with mixed cations has attracted researchers’ attention, in order to enhance properties of different
aspects of perovskite materials [21]. For example, perovskite can be high-efficiency and thermally
stable, and remains as black phase at room temperatures by applying double cation materials (MA+,
FA+ or Cs+, FA+) [22–25]. Seok et al. employed double cation perovskite (FAPbI3)0.95(MAPbBr3)0.05 as
active layer, which showed an efficiency of 23.2%, and stabilized efficiency of 22.85%. Remarkably,
they prepared a large-scaled PSC (~1 cm2) with a PCE of 21.7% [26]. The resultant device showed
better thermal stability, maintaining almost 95% of its initial performance for more than 500 h after
thermal annealing at 60 ◦C.
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In view of the excellent optoelectronic properties of double cation perovskite materials, researchers
concentrated on triple cation perovskite (Cs+, MA+, FA+). Triple cation perovskite materials perform
better in crystal phase stability, film quality, and environmental sensitivity, which improve the
reproducibility of PSCs. Saliba et al. prepared a PSC using Csx(MA0.17FA0.83)1−xPb(Br0.17I0.83)3

as active layer, producing high-efficiency PSCs with stabilized PCE at 21.1% and output at 18%,
under operational conditions, after 250 h [28]. Peng et al. obtained a high steady-state efficiency of
17.9% for MAPb3-based cells, and 19.3% for Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 cells, by optimizing
ETL. Moreover, they demonstrated a high steady-state PCE of 16.6% for a semi-transparent cell,
and used it to achieve a steady-state efficiency of 24.5% for a four-terminal perovskite–silicon tandem
cell [29]. The radius of the A ion is limited by the tolerance factor, and inorganic Rb+ with a small
radius is difficult to maintain in stable black phase perovskite materials. However, in the case of a
multiple cation materials, Rb+ can also be applied to high-efficiency PSCs [30]. Saliba et al. found
that Rb0.05FA0.95PbI3-based PSCs exhibit a best PCE of 17.16%, which is much higher than that of the
FAPbI3 device, and this double cation PSC shows superior stability against high humidity (85%), under
ambient conditions without encapsulation, retaining the high performance for 1000 h [31]. A summary
of the research cited above is shown in Table 1.

Pb2+ is a general component employed in B site, unfortunately, the toxicity issue of Pb2+ remains
a major obstacle in the commercialization process. With the similar properties and the same main
group, Sn is an ideal substitute for Pb, but Sn2+ is easily oxidized to Sn4+, which is harmful to stable
perovskite crystal structure. As a result, high-performance PSCs usually utilize both Sn2+ and Pb2+ to
form low-toxic perovskite materials, so as to reduce the band gap and respond to the near-infrared
light [32]. Moreover, the carrier density and conductivity of the perovskite materials can be increased
with a certain amount of Sn2+.

As for halide, a different anion radius of halide result in different lattice constants of the
perovskite [28], and the lattice constants become larger, along with the ionic radius, and the red
shift of absorption spectrum occurs [33]. It is noteworthy that the band gap of perovskite can be
regulated by adjusting the I–Br ratio.
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Table 1. Summary of researches about improving the power conversion efficiency (PCE) of PSC by
optimizing chemical composition.

Perovskite Material Device Structure PCE/% Ref.

(FAPbI3)0.85(MAPbBr3)0.15
FTO/compact TiO2/mesoporous-TiO2/

perovskite/PTAA/Au 18.4% [21]

FA0.85Cs0.15PbI3
FTO/compact TiO2/

perovskite/spiro-OMeTAD/Ag 16.21% [22]

FA0.9Cs0.1PbI3
FTO/compact TiO2/perovskite/

spiro-OMeTAD/Ag 16.5% [23]

Cs0.2FA0.8PbI2.84Br0.16
FTO/compact TiO2/mesoporous-TiO2/

perovskite/spiro-OMeTAD/Au 17.35% [24]

Mixed perovskite
(PbI2: FAI = 1.05)

FTO/compact TiO2/mesoporous-TiO2/
perovskite/spiro-OMeTAD/Au 20.8% [25]

(FAPbI3)0.95(MAPbBr3)0.05
FTO/compact TiO2/mesoporous-TiO2/

perovskite/DM/Au 22.6% [26]

Csx(MA0.17FA0.83)100−xPb(I0.83Br0.17)3
FTO/compact TiO2/mesoporous-TiO2/

perovskite/spiro-OMeTAD/Au 21.17% [28]

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3
FTO/compact TiO2/mesoporous-TiO2/

perovskite/spiro-OMeTAD/Au 19.3% [29]

(RbCsMAFA)PbI3
FTO/compact TiO2/mesoporous-TiO2/
perovskite/spiro-OMeTAD, PTAA/Au 20.6% [30]

Rb0.05FA0.95PbI3
FTO/compact TiO2/mesoporous-TiO2/

perovskite/spiro-OMeTAD/Au 17.16% [31]

3.2. Forming High-Quality Perovskite Films by Passivating Grain Boundaries (GBs)

PSCs have frequently employed polycrystalline film as a light absorber, which creates GBs formed
in the interfaces between two grains. GB tends to affect the electrical and thermal property of the
material. The polycrystalline nature generates a number of GBs, as compared to their single-crystalline
counterparts. In photovoltaic devices, polycrystalline materials show poor performance compared to
their single-crystalline counterparts because of GBs, which are usually effective recombination centers
for photon-generated electrons and holes, as well as scattering centers of free carriers. For example,
silicon and CdTe-based solar cells always suffer poor performance from adverse impact induced by
GBs [34,35], whereas CIS (CuInSe2) exhibited PCE as high as 20% without special GB passivation,
significantly surpassing the single-crystalline CIS-based device [36]. Therefore, the influence of GBs
on photovoltaic devices is still being studied in depth. When it comes to PSCs, it has been reported
that GBs in CsPbX3 do not create mid-gap states, but induce very shallow states near the valence
band maxima, hampering hole diffusion. For MAPbX3, similarly to CIS, GBs were found to have
benign effect on optoelectronic properties [37]. However, GBs in MAPbX3 showed fast nonradiative
recombination, which implies that GBs might need to be passivated.

One-step and two-step processes are commonly applied to fabricate perovskite film. Citing
MAPbI3 as example, a one-step method is performed by spin-coating a solution of CH3NH3I (MAI) and
PbI2 in organic solvents to form the photoactive layer of MAPbI3, while the so-called two-step process
is performed by spin-coating a mixed solution of MAI and PbI2 onto the substrate. The perovskite film
prepared by the two-step process has a higher film quality, better coverage on the substrate and, also,
higher permeability in the mesoporous layer for mesoporous PSCs [38]. When considering time for
the production of PSCs in industry, one-step is expected to be a more desirable process because it will
reduce the time for perovskite coating and, thereby, fabrication of PCSs. Thus, retarding crystallization
or controlling crystal growth is important step in a one-step procedure.

Roldan-Carmona et al. found that an excess of PbI2 improves the average fill factor (FF) and VOC,
boosting the average PCE from 16.2% to values close to 18% [39]. It can be seen, from the results of
scanning electron microscopy (SEM) and time resolved photoluminescence (TRPL), that an excess of
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PbI2 also improves the crystallinity of the film and the lifetime of the carriers. The same phenomenon
can be discovered in perovskite with mixed cations [40]. Kim et al. also reported that the performance
was greatly improved by incorporating some amount of PbI2 into MAPbI3. In addition, positive effects
of PbI2 incorporation were also extended to (FAPbI3)0.85(MAPbBr3)0.15, yielding similar performance
improvements as the MAPbI3 cells. Nevertheless, it will have a negative impact on the quality of the
perovskite film if the amount of PbI2 is not precisely controlled [41,42].

Park and co-workers studied the effects of excess MAI on the properties of perovskite
materials [43]. The non-stoichiometric precursor solutions are prepared by mixing MAI, PbI2,
and DMSO in DMF, where the molar ratio of PbI2/MAI is changed from 1:1 to 1:1.02, 1:1.04,
1:1.06, 1:1.08, and 1:1.1 (x = 0, 0.02, 0.04, 0.06, 0.08, and 0.1). The coating process is presented
schematically in Figure 4a. After the spin-coating process, intermediate (MAI)1+xPbI2DMSO can
be formed, which provides an effective method to obtain high-quality perovskite films and achieve
highly efficient device performance [44,45]. The short circuit photocurrent density (JSC) hardly changes
up to x = 0.06, but declines slightly for x = 0.08 and 0.1. On the other hand, both the VOC and FF
are increased as x is enhanced to 0.06. As a result, the average PCE reaches a maximum of 19.8% for
x = 0.06. The results of transmission electron microscopy (TEM) showed that the stepped edges of
grains disappear in the presence of excess MAI, which is indicative of a modification of the surface of
perovskite grains by excess MAI. It can be seen from the results of conductive atomic force microscopy
(c-AFM) (Figure 4b,c) that GBs show a brighter contrast, which indicates that the GB carries the current
more efficiently.
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Apart from the methods of non-stoichiometric precursors, utilizing of some additives can also
serve as an effective approach to achieve interface passivation, so that the performance and stability of
PSCs can be improved. In 2018, Zheng et al. employed hexamethylenetetramine (HMTA) as an additive
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to passivate MAPbI3 film and, thereby, advance cell optoelectronic performance [46]. The perovskite
surface, fully covered by HMTA, is modified by forming a stable insulation layer to bridge across the
GBs. Additionally, HMTA can coordinate Pb2+ on the perovskite surface, facilitating the disappearance
of PbI2 and formation of pure perovskite nanocrystals [47], which can be seen in Figure 5a. HMTA
can also serve as nucleation control reagent, facilitating perovskite to form an aligned orientation.
Lastly, HMTA can cover the ZnO thin film to enhance the adhesion of perovskite with the oxide
substrate. Owing to these beneficial advantages of HMTA, both PCE and reproducibility were highly
improved. Li et al. introduced a large molecular organic dye AQ310 with −COOH functional group as
passivator to reduce the trap states of the perovskites and promote better stability [48]. Carboxyl has
been effectively used in other photovoltaic devices as an indispensable anchoring group, due to the
strong coordination with metal oxide [49]. Similar to HMTA, the carboxyl of AQ310 coordinates with
under-coordinated Pb2+, as shown in Figure 5b, thereby reducing the trap states of under-coordinated
Pb2+, prolonging the carrier recombination time and, thus, leading to the enhancement of VOC.
In addition, other additives, such as fullerene derivatives [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) [50], PEA+ [51], nitrogen-doped carbon dots (NCDs) [52], and others, are also utilized to
incorporate with perovskite precursor to achieve passivation of the GBs for improved efficiency and
stability. Various GB passivators used in perovskite materials, mentioned above, are summarized
in Table 2.
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Table 2. Summary of research about improving the PCE of PSC by passivating grain boundaries (GBs).

Additive Device Structure PCE/% Ref.

PbI2 FTO/compact TiO2/mesoporous-TiO2/perovskite(excess PbI2)/spiro-OMeTAD/Au 19% [39]
MAI FTO/compact TiO2/mesoporous-TiO2/perovskite(excess MAI)/spiro-OMeTAD/Ag 20.4% [43]

HMTA ITO/ZnO/HMTA–perovskite/spiro-OMeTAD/Ag 17.87% [46]
AQ310 FTO/compact TiO2/mesoporous-TiO2/AQ310–perovskite/spiro-OMeTAD/Ag 19.43% [48]
PCBM ITO/TABC/PCBM–perovskite/PCBM/Al 15.7% [50]
PEA+ FTO/compact TiO2/mesoporous-TiO2/perovskite/spiro-OMeTAD/Au 17.1% [51]
NCDs FTO/compact TiO2/mesoporous-TiO2/perovskite(@NCDs)/spiro-OMeTAD/Ag 15.93% [52]

3.3. Modification of Interface

The reasonable design of the device structure, in order to obtain great properties such as energy
level matching, is also one of the crucial factors affecting the performance of PSCs, apart from
passivating the GBs, to achieve a certain morphology and coverage of the perovskite film. PSCs are
composed of perovskite layer, carrier transport layer, and electrode, in which many interfaces exist
between the different layers. There are some factors that decrease the efficiency and other properties of
PSCs in these interfaces, for example, the barrier hindering the transportation of electrons or holes,
the recombination center caused by surface defects, and insufficient contact between perovskite layer
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and the carrier transport layer. Consequently, these problems can be solved through surface and
interface engineering, thereby producing a better efficiency of PSCs.

PSCs have usually employed TiO2 as a mesoporous layer, owing to its wide band gap,
good chemical stability, and high light transmittance [53]. Meanwhile, TiO2 with a mesoporous
structure has a large specific surface area which can effectively contain perovskite materials, ensuring
sufficient contact between the perovskite layer and the mesoporous layer, thereby improving the
efficiency of collecting the electrons. Unfortunately, abundant oxygen vacancies, high density of
electronic trap states, and low electron mobility of TiO2 might cause undesirable charge accumulation
and recombination, degrading the PCE of PSCs [54].

Metal oxides are often utilized as interface modification layers in PSCs. In 2017, Wang et al.
reported an efficient PSC engineering by inserting Al2O3/NiO layers in between the ETL and absorber
layer [55], and the device structure is illustrated in Figure 6a. From the device structure, we can
see that the presence of NiO accelerates the transporting of hole, and insulating Al2O3 limits the
electrons within the perovskite layer, so that the transporting of electrons can be quite effective.
Additionally, the Al2O3/NiO interfacial engineering improves the crystalline quality of perovskite
films, and effectively suppresses carrier recombination. The devices showed a maximum PCE of
18.14% and remarkable long-term air-stability, retaining ~86% of PCE over 210 days under an ambient
environment. Shaikh et al. employed ZnS as an interfacial modifier between mesoporous TiO2 and a
MAPbI3 absorber layer, via the successive ionic layer adsorption and reaction method (SILAR) [56].
The ZnS-modified layer helps in suppressing the backflow of electrons, effectively reducing interfacial
charge recombination and facilitating electron transfer. Wang et al. modify the TiO2/MAPbI3 interface
by introducing 3-aminopropyltrimethoxysilane (APMS) [57]. APMS hydrolysate can enhance the
wettability of perovskite precursor on the TiO2 surface, forming a perfect MAPbI3 film, and increasing
the recombination resistance at the interface.

The interface between perovskite and HTL is also a vital issue because of energy level matching
and recombination of the charge carrier. Lu et al. achieved the modification of the interface
between the perovskite and HTL with commercially available para-substituted benzenethiol molecules,
with both improved efficiency and stability [58]. The interlayer modulates the band alignment at the
perovskite/HTL interface, which could assist charge extraction and suppress carrier recombination.
These effects create a high efficiency of more than 20%. During the process of preparing a perovskite
film, there will frequently be non-uniformity and pinholes, with the exception of surface defects.
With the aim of overcoming this problem, Wang et al. reported the improvement of the photovoltaic
performance and stability of PSCs through the insertion of a solution-processed poly(methyl
methacrylate) (PMMA) layer between perovskite and HTL [59]. It can be seen that the perovskite layer,
without a PMMA layer, exhibited greater roughness than that with a PMMA layer. The PCE of this
PSC increased to 18.1%, and the stability decreased by only about 5% during 20 days of exposure in
moisture ambient conditions.

Post treatment and some additives can also effectively control the carrier’s behavior of the
perovskite layer/carrier transport layer interface. Singh et al. reported the incorporation of alkali
metal dopants in mesoporous TiO2, which can effectively modulate electronic conductivity and improve
the charge extraction process by counterbalancing oxygen vacancies acting as nonradiative recombination
centers [60]. Sulfate bridges (SO4

2−), from the alkali-bis(trifluoromethanesulfonyl)imide (alkali-TFSI)
salts grafted on the surface of mesoporous TiO2, provide a seamless integration of absorber and
electron-transporting layers that accelerates the overall transport kinetics, resulting in a high efficiency
of 21.1%; the schematic illustration can be seen in Figure 6b. Zheng et al. employed crosslinkable radical
copolymer poly (2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate)-co-(4-benzoylphenyl methacrylate)
(PTMA–BP) to engineer the surface of the poly(3,4-ethylenedioxythiophene): polystyrene sulfonate
(PEDOT: PSS) HTL layer [61]. They found that PTMA–BP can induce better band alignment between
HTL and perovskite, reduce the interfacial charge carrier recombination, and improve crystallization
of perovskite hybrids that are cast on top of the HTL. Lee et al. introduced amphiphilic conjugated
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polyelectrolyte poly[(9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)]
(PFN) as an interfacial compatibilizer, constructing uniform perovskite films on large-area substrates;
a schematic illustration of perovskite film formation is shown in Figure 6c [62]. Remarkably, they obtained
the best PCE of 17%, which is the highest value for printable PSCs with a total active area larger than
1 cm2. The literature on interfacial modifications, cited above, are summarized in Table 3.
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Figure 6. (a) Schematic of device configuration of PSC with Al2O3/NiO interlayer and carrier working
paths [55]; (b) Schematic illustration of alkali-TFSI salt-doped mesoporous layer, and the surface
states bonding with electron transport layer (ETL) and perovskite [60]; (c) Schematic illustrations of
perovskite film formation on organic hole transport layer (HTLs) with and without the interfacial
compatibilizer PFN, and corresponding photographs and SEM images [62].
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Table 3. Summary of research about improving the PCE of PSC by interfacial engineering.

Interlayer Device Structure PCE/% Ref.

Al2O3/NiO FTO/compact TiO2/mesoporous-TiO2/Al2O3/NiO/
perovskite-NiO/spiro-OMeTAD/Au 18.14% [55]

ZnS FTO/compact TiO2/mesoporous-TiO2/ZnS/perovskite/spiro-OMeTAD/Au 14.9% [56]

APMS FTO/compact TiO2/APMS/perovskite/spiro-OMeTAD/Au 15.79% [57]

Benzenethiol FTO/compact TiO2/mesoporous-TiO2/
perovskite/benzenethiol/spiro-OMeTAD/Au 20.2% [58]

PMMA FTO/compact TiO2/mesoporous-TiO2/perovskite/PMMA/spiro-OMeTAD/Au 18.1% [59]

Alkali metals FTO/compact TiO2/mesoporous-TiO2–alkali metal/perovskite/Au 21.1% [60]

PTMA–BP ITO/PEDOT:PSS/PTMA–BP/perovskite/PCBM/AL 15% [61]

PFN ITO/PTPD/PFN/perovskite/PCBM/Al 17% [62]

4. Analysis and Recent Progress of Stable PSCs

The efficiency of PSCs has been raised from 3.8% to 23.3% in just nine years, which is quite
impressive compared to other thin-film solar cells that have been developed for decades. However,
the stability of PSCs still remains a troublesome problem that has not been solved well, and most
high-stability PSCs have a short lifetime of just around one year [63], which is a primary obstacle
for the commercialization of PSCs [23]. The injection of moisture and oxygen is the main reason for
the instability of PSCs, followed by thermal and ultraviolet (UV) stress. Hybrid perovskite materials
may degrade in humid conditions, and suffer phase transition and thermal decomposition under
fluctuation of temperature. The irradiation of UV not only reduces the stability of the perovskite
materials, but also causes photocatalysis at the interface of TiO2 when it is used as ETL. In this section,
we will elaborate upon the instability of PSCs caused by ambient air, temperature, and UV irradiation,
and summarize recent progress in improving the stability of PSCs. Some studies about PSC stability,
cited below, are summarized in Table 4.

4.1. Moisture and Oxygen Stability

When the typical perovskite material MAPbI3 is exposed to ambient conditions, the reactions will
occur as follows [64]:

CH3NH3PbI3 (s)→ CH3NH3I (aq) + PbI2 (s), (2)

CH3NH3I (aq)→ CH3NH2 (aq) + HI (aq), (3)

4HI (aq) + O2 (g)→ 2I2 (s) + 2H2O, (4)

2HI (aq)→ H2 (g) + I2 (g). (5)

MAPbI3 is highly sensitive to the environment, moisture and oxygen from ambient conditions,
thermal stress, and even residual solvents, which can cause the decomposition of perovskite. MAPbI3

degrades in the presence H2O, as illustrated in Equation (2). The equilibrium of Equation (3) results in
the coexistence of HI, CH3NH2, and CH3NH3I in the film. There are two ways for HI to degrade for
the next step. One is the redox reaction, in the presence of oxygen, stated in Equation (4). Another
consists of the photochemical reaction, whereby HI decomposes in the presence of UV radiation into I2

and H2, which is demonstrated in Equation (5). The consumption of HI drives the whole degradation
process to move forward. We can observe, from the reactions mentioned above, that moisture and
oxygen are destructive to perovskite materials and, thus, the majority of the fabrication processes must
be carried out in a glove box under an inert atmosphere [65]. The performance of PSCs shows a sharp
decline as the perovskite decomposes, which is a huge challenge for the application of PSCs.

Modification of the halide composition of perovskite materials was reported to be an effective
way to improve the stability of the materials. The mixture of multiple halogen elements in perovskite
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materials brings many positive effects, including an improvement in carrier transport and regulation
of band gap. Lee et al. reported that the stability of air-processed MAPbI3−xClx was significantly
improved compared with air-processed MAPbI3 [4]. Jeon demonstrated that the incorporation of
Br into MAPbI3 can effectively enhance its stability performance [66]. Zhu et al. employed a facile
halide exchange route to incorporate Br into MAPbI3 to form MAPbI3−xBrx, yielding a maximum PCE
of 14.25%, and 93% of the original efficiency was retained after exposure to ambient air for 14 days
without encapsulation [67].

The stability of the perovskite film has been improved with incorporating mixed halides, but
halide segregation still remains a problem for the long-term stability of the PSCs [68]. As a result,
cation substitution in PSCs was proposed as a further enhancement for improved device stability.
It has been mentioned above that mixed cations result in a great improvement in optoelectronic
properties. Actually, the incorporation of FA+ and Cs+ has some benefits for stability. FAPbI3 has a
larger tolerance factor and a more stable crystal structure than conventional MAPbI3, such that many
reports have introduced perovskite of FA+ and MA+ hybrid cations to lift the stability of devices [69,70].
Mixed-cation materials, such as Cs/MA, Cs/FA, and Cs/MA/FA, could also improve the stability
as affected by humidity and oxygen [20,22,28]. Additionally, perovskite materials based on Cs+ with
triple halide also have a remarkable stability against moisture and oxygen stress [71,72].

In order to lessen the effect of ambient air on the stability of the PSCs, some studies have
introduced a waterproof tunnel layer in the PSCs. Wang et al. employed polystyrene (PS),
Teflon, and polyvinylidene–trifluoroethylene copolymer (PVDF–TrFE) as tunneling materials [73].
They demonstrated that the tunneling layer can serve as an encapsulation layer to prevent perovskite
film from damage caused by water. Inserting a tunneling layer between perovskite and ETL
could also significantly increase device performance by suppressing carrier recombination at the
point of cathode contact. Additionally, Zr acetylacetonates (ZrAcac) [74], benzylamine (BA) [75],
and (N4,N4′-Di(naphthalen-1-yl)-N4,N4′-bis(4-vinylphenyl)biphenyl-4,4′-diamine) (VNPB) [76] were
recently utilized as an isolated layer, to improve the stability of PSCs against ambient air.

4.2. Thermal Stability

Thermal stability also raises a lot of concerns, due to the impact on performance of PSCs.
Operating temperatures of deployed solar cells can vary from −40 ◦C to 85 ◦C and, depending
on their location, solar cells must have the ability to work under high-temperature conditions,
in particular. Conings et al. employed X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), PL, and AFM measurements to convincingly demonstrate that MAPbI3 does degrade at 85 ◦C,
even in inert conditions, indicating the poor stability under thermal stress [69]. MAPbI3 has a
low thermal conductivity [77], and the heat caused by light irradiation cannot be removed easily,
thus making thermal stability worse for PSCs. The decomposition resulting from high temperature is
simply due to evolution of the organic components, such as HI and CH3NH2, leaving behind PbI2.
This process is more intense when the PSCs are exposed to ambient air. Therefore, MAPbI3 cannot
be considered as a promising compound for long term operation at elevated temperatures. Snaith
and co-workers successfully made PSCs using CsPbI2Br, which exhibited greatly enhanced thermal
stability, not decomposing even at 180 ◦C over 30 min (Figure 7a,b), a temperature at which MAPbI3

decomposed within 5 min [78]. However, the crystal structure of inorganic perovskite materials is
highly sensitive to variations of temperature, and the performance is not eligible because inorganic
perovskite materials cannot form a stable black phase with good optoelectronic properties at room
temperature. Replacing MA+ with the larger and heavier FA+ is another option for raising the thermal
stability of PSCs. Eperon et al. compared films of MAPbI3 and FAPbI3 heated at 150 ◦C in air, to show
that the FAPbI3 did not degrade over 60 min, while the MAPbI3 had almost completely converted
to PbI2 (Figure 7c) [79]. In addition, mixed cations with FA+ and Cs+ also showed an outstanding
thermal stability [80].
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degradation of MAPbI3 and FAPbI3, when bare spin-coated films of each perovskite are heated in air at
150 ◦C for the times indicated [79].

The fluctuation of temperature also affects crystal structure of perovskite and, thereby,
performance of PSCs. Conventional MAPbI3 exists in a perovskite phase with tetragonal distortion at
room temperature. The symmetry is further reduced at lower temperatures, as the material enters an
orthorhombic phase, while it is increased with higher temperatures about 60 ◦C as it transitions to
the cubic phase [81]. Considering the operating temperature of the solar cells, the crystal structure
of MAPbI3 is basically maintained on the tetragonal and cubic phase, and the lattice distortion has
little harmful effect on PSCs based on MAPbI3. Due to the decomposition of MAPbI3 up to 85 ◦C,
researchers pay more attention to crystal structure stability of FAPbI3 and CsPbI3, which are not easily
decomposed at high temperatures. The larger size of the FA+, however, means that FAPbI3 does not
form a black, cubic, or tetragonal perovskite phase at room temperature, but exists as a yellow film
consisting of a hexagonal non-perovskite phase. Annealing at temperatures above the tetragonal phase
transition (150 ◦C) allows a black perovskite phase to be formed, which is retained after cooling to room
temperature [79]. In order to lower the tolerance factor and prevent the appearance of a hexagonal
phase, double cation perovskite with MA+ and FA+ can be employed, leading to an effective tolerance
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factor close to 1, allowing a black cubic perovskite phase to be easily formed at low temperatures,
and to be stable at room temperature. Inorganic CsPbI3 does not form a stable perovskite phase at
room temperature, but exists in a yellow orthorhombic phase which has an extremely low photovoltaic
effect. The crystal structure of CsPbI3 is very sensitive to temperature, and needs to be annealed at a
high temperature, up to 300 ◦C, to form a cubic phase. CsPbBr3 can be prepared and is structurally
stable at room temperature, but has an unsuitably high band gap over 2.3 eV. Mixing both I and Br,
and reducing the size of the metal halide octahedral, is an approach to stabilize CsPbX3 structures with
appropriate band gaps. Beal et al. made a fully inorganic perovskite with incorporation of Br above
20%, that exists in the cubic phase at room temperature after annealing, exhibits excellent thermal
stability, and has band gaps (1.7–1.9 eV) suitable for perovskite–silicon or perovskite–perovskite
tandems [78]. Swarnkar et al. fabricated phase-stable CsPbI3 quantum dots, highlighting the link
between structural and atmospheric stability [82].

Th widely used HTL material, spiro-OMeTAD, is another reason for poor thermal stability of
PSCs. Spiro-OMeTAD is prone to crystallization, which affects the contact between the absorber and
the HTL inside the pores, or on the interface, as the temperature elevates [83]. On the other hand,
spiro-OMeTAD requires two other additives, namely, bis(trifluoromethane) sulfonamide lithium salt
(Li-TFSI) and 4-tert-butylpyridine (TBP), to process. TBP will cause degradation of the perovskite
layer due to the corrosive effect [84]. For the purpose of solving the thermal stability problem caused
by spiro-OMeTAD, inorganic hole-transporting material [85], or other kind of additives, could be
used [86].

Low dimensional perovskite materials have been the subject of wide attention in recent years,
owing to their stable crystal structure, high formation energy [87], low self-doping concentrations [88],
and suppressed ion migration [89]. The low dimensional perovskite structure can be visualized to cut
the three dimensional (3D) perovskite structure along the <100> orientation, building BX4

2− octahedral
layers, followed by inserting bulkier organic molecules that replace the position of small molecules
such as MA+, forming two dimensional (2D) perovskite with a sheet structure, due to the increase in
the distance between the layers (Figure 8) [90]. Bulkier organic molecules and inorganic layers are
combined with van Der Waals forces. This self-assembly process results in a significant increase in the
formation energy, thereby enhancing the stability of perovskite. Furthermore, hydrophobic bulkier
organic molecules form a natural encapsulation layer, excluding water or oxygen from the atmosphere.
Therefore, low dimensional perovskite is of great significance for stable PSCs.
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The number of layers of low dimensional perovskite varies by adjusting the ratio of the reactants
in the precursor, and low dimensional perovskite can be easily prepared through simple one-step
spin-coating. However, these layers have a large band gap [91], and bulkier organic molecules could
reduce the mobility of electrons and holes [92]. These problems restrict the performance of PSCs with
low dimensional materials, such that the original low dimensional PSC only achieved an efficiency
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of 4.37% [93]. Finding an optimum number of inorganic layers, choosing appropriate organic amine
molecules, and exploring the vertical growth of low dimensional perovskite crystals can create PSCs
with a stable crystal structure and high efficiency.

4.3. UV Stability

In the PSCs, TiO2 is frequently used as electron transport material, due to its good chemical
stability, resistance to corrosion, non-toxicity, and low cost. Unfortunately, because of the redox
property and band gap of 3.2 eV, TiO2 can also serve as a photocatalytic material, oxidizing water or
some organic materials to produce OH radical [94]. Leijtens et al. demonstrated that the TiO2 layer
in PSCs is susceptible to UV-induced degradation [95]. Ito et al. found that, after exposure to light,
MAPbI3 transformed to PbI2, due to the contact between perovskite and TiO2 [96]. The degradation in
the film, caused by exposure to UV light, has been explained as follows [64]:

2I− → I2 + 2e−, (6)

3CH3NH3
+ → 3CH3NH2 + 3H+, (7)

I− + I2 + 3H+ + 2e− → 3HI. (8)

Table 4. Summary of literatures about stability of PSC.

Additive/Method Device Structure Stability Ref.

Polystyrene ITO/PTAA:F4-TCNQ/perovskite/
insulating layer/C60/BCP/Al [73]

ZrAcac ITO/NiOx/perovskite/PCBM/ZrAcac/Ag 83.6% of its initial value over
30 days (50 ± 5 RH%) [74]

Benzylamine FTO/compact TiO2/BA–perovskite/
spiro-OMeTAD/Au 2900 h (50 ± 5 RH%) [75]

VNPB FTO/TiO2–PCBM/perovskite/VNPB-MoO3/Au 30 days (70 RH% and elevated
temperatures) [76]

Replacing cation ITO/PEDOT:PSS/perovskite/PCBM/BCP/Al 30 min (180 ◦C) [78]

Replacing cation FTO/compact TiO2/perovskite/spiro-OMeTAD/Au 60 min (150 ◦C) [79]

Mixing cations FTO/SnO2–PCBM/perovskite/spiro-OMeTAD/Ag 6 h (130 ◦C) [80]

Removing TiO2
FTO/compact TiO2/mesoporous-Al2O3/

perovskite/spiro-OMeTAD/Au
1000 h (full spectrum
simulated sunlight) [95]

Removing TiO2 AZO/Ga–SnO2/perovskite/spiro-OMeTAD/Au 1000 h (full spectrum
simulated sunlight) [97]

Removing TiO2 FTO/TiS2/perovskite/spiro-OMeTAD/Au 50 h (UV light) [98]

Removing TiO2 ITO/HTL/perovskite/PCBM/BCP/Ag 200 min (UV light) [99]

Blocking the UV FTO/compact TiO2/mesoporous-TiO2–SM/
perovskite/HTM/Au 1000 h (UV light) [100]

Blocking the UV down-conversion layer/FTO/compact TiO2/
mesoporous-TiO2/perovskite/spiro-OMeTAD/Au 100 h (UV light) [101]

TiO2 extracts the electron from I−, and then breaks the perovskite structure, creating the
production of I2, as explained by Equation (6). CH3NH3

+ decomposes and releases gases of CH3NH2

and H+ (Equation (7)). I− react with I2 and H+, producing HI. The incessant elimination of HI
and evaporation of CH3NH2 move Equation (6) and (7) forward, finally leading to decomposition
of perovskite.

In order to overcome difficulty inducing by UV light, Snaith and co-workers replaced mesoporous
TiO2 with insulating mesoporous Al2O3 scaffold, showing a better stability of 1000 h with AM 1.5
illumination at 40 ◦C with no UV cutoff filter [95]. However, there is some initial deterioration in the FF
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and VOC of the cells over the first 200 h of exposure. Roose et al. employed Ga-doped mesoporous SnO2

as a scaffold layer [97]. Gallium severely decreases the trap state density in SnO2, leading to a lower
recombination rate and a stabilized PCE of 16.4%. PSCs based on mesoporous TiO2 absorbed more UV
light compared to Ga–SnO2, which can be seen in the UV/visible absorption spectra, implying a better
UV stability. Some novel electron transport materials can be utilized as substitution of TiO2. Yin et al.
applied 2D-TiS2 as an effective electron transport layer in planar PSCs [98]. TiS2 has similar properties
to TiO2, including the ability of electron transportation and band alignment, ensuring high efficiency of
devices. The results of Figure 9 manifest that PSCs with TiO2 showed a strong photocatalysis, whereas
PSCs with TiS2 did not show the same phenomenon. The efficiencies of PSCs with TiS2 were decayed
by only about 10% from its maximum value after continuous illumination under UV light for 50 h.
Unlike the replacement of the TiO2 ETL, Tsai et al. introduced biaxially-extended octithiophene-based
conjugated polymers which could filter UV light in inverted PSCs, in other words, the irradiation
of UV light could be blocked by HTL [99]. There are some other reports that used down-conversion
materials and a UV-blocking layer in PSCs to improve stability in UV light [100,101].
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Figure 9. (a) Ultraviolet photocatalytic activity for decomposition of water in Na2SO4 solution by using
TiO2 and on TiS2 film on FTO glass as photoanodes; (b) Long-term UV light stability of the PSCs with
TiO2 or TiS2 film as the ETLs [98].

5. Routes toward Low-Cost PSCs

The trade-off between cost and efficiency is still a major obstacle for commercialization of
PSCs. Although silicon solar cells that are commercialized already have an abundance of silica
as raw materials, complicated manufacturing process, and efficiencies ranging between 21% and 25%,
are the major drawbacks. Evolved PSCs can be prepared through a simple and low-cost solution
process, making PSCs a promising substitute of silicon solar cells. The organic solid hole-transporting
materials, such as spiro-OMeTAD [3], poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) [102],
and poly(3-hexylthiophene-2,5-diyl) (P3HT) [103], were employed because of degradation caused
by liquid electrolyte, however, bring the problem of high cost to the fabrication of PSCs. It has been
reported that organic HTL precursor and processing alone covers 33.9% of the device cost, due to
the complicated synthesis processes (Figure 10) [104]. In the pursuit of low-cost PSCs, the inorganic
hole transport materials (HTM), like CuI [105], CuSCN [106], and NiO [107–110], have been applied to
replace expensive organic materials.
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5.1. Replacement of Costly Organic Hole-Transporting Materials and Hole-Conductor-Free PSCs

Materials of HTL can be divided into inorganic, organic, and hybrid materials, while organic
materials can be further subdivided into small molecule and polymer [111]. Following on from the
experience of solid state dye-sensitized solar cells, of the organic materials currently used to make
the best devices, spiro-OMeTAD has long been the benchmark HTM against which other materials
have been compared. However, its cost is about 5 or 6 times higher than the gold, so low-cost HTM
is in great demand. The development in inorganic HTMs has been rather slow compared to organic
HTMs, and only a limited number of inorganic materials have been tested. Copper salts, like CuI,
Cu2O, and CuSCN, and NiO, which is most widely-studied inorganic HTM, are relatively inexpensive
and stable under ambient conditions; the copper salts do not require doping to achieve good hole
mobilities, and the devices show good stability. Nevertheless, PSCs using inorganic HTMs cannot gain
a sufficient PCE compared with PSCs based on organic HTMs, and the solvents used for inorganic
HTMs can partially dissolve the active layer, thus causing device instability. Moreover, some materials,
while inexpensive, must be deposited by more expensive methods, such as sputtering, and the extra
fabrication costs are likely to cancel out any advantages in price of materials.

Perovskite materials offer an electrically conductive path for both p-type and n-type
charge carriers [112–114], and electrons and holes both have a long diffusion length inside the
perovskite [115,116], which means the perovskite layer can transport holes effectively, even if without
HTL. From the view of band alignment, as long as electrode material satisfies matching the conditions
of energy level and work function, that is, the HOMO is higher than the valence band of the perovskite
(~5.3 eV), the holes can be effectively transported, and the band alignment of hole-conductor-free
device-based Au electrode is shown in Figure 11a. Therefore, it is theoretically feasible to remove the
HTL directly.

In 2012, Grätzel and co-workers reported PSC without HTL for the first time, and exhibited
a promising PCE of 5.5% [117]. The synthesis of MAPbI3 and deposition on the mesoporous TiO2

film was carried out by spin-coating, and then Au was deposited directly onto the perovskite layer
by thermal evaporation. Etgar et al. prepared hole-conductor-free PSCs, and further enhanced the
efficiency to 10.85% [118]. Ma et al. fabricated a hole-conductor-free PSC based on CsPbIBr2, achieving
a PCE of 4.7% and excellent thermal stability [119].

Metal–semiconductor contact is formed in PSCs due to the removal of HTL, which is detrimental
to the separation of electrons and holes in the interface. The direct contact between the perovskite
layer and Au electrode leads to an energy barrier of about 0.24 eV, as well as a depleted region
over 60 nm existing in the back contact region [120], causing a reversed effect in transportation of
carriers and low internal quantum efficiency (IQE) in the long-wavelength region. Furthermore,
interface recombination, caused by defects, also affects the performance of hole-conductor-free PSCs.
Homogeneous perovskite film and thicker mesoporous layers are always required so as to form better
metal–semiconductor contact and avoid short circuits. Shi et al. increased the concentration of PbI2
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in spin-coating precursors, reduced the spin-coating speed, and then prepared a uniform film with
appropriate thickness. The metal electrode was directly evaporated onto perovskite, achieving a PCE
of 10.47% [120].
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The introduction of isolated layers can overcome recombination in the interface between electrode
and perovskite. Wei et al. introduced ultrathin insulator AlOx film into the MAPbI3/Au interface by
atomic layer deposition (ALD) technology, and the ALD deposition cycles were further optimized [121].
The average PCE of the cell has been enhanced from 8.61% to 10.07%, with the highest PCE of 11.10%.
The presence of AlOx significantly enhanced the IQE of the cell in the long wavelength region,
leading to the increase in photocurrent. Xu et al. employed N,N,N′,N′-tetraphenyl-benzidine (TPB)
by spin-coating to engineer the metal–semiconductor interface in the hole-conductor-free PSCs [122],
and the thin TPB layer increased recombination resistance, resulting in a lower recombination rate in
the interface.

5.2. Carbon Electrode for PSCs

Another bottleneck in PSC is the high cost and complexity involved in the Au or Ag back
electrode deposition. Noble metal and processing covers 18.3% of the device cost (Figure 10) [104].
The appropriate 5.0 eV work function, near to that of Au (5.1 eV), makes carbon an ideal candidate
for PSCs’ back electrode, so, similar to the PSCs base on noble metal, hole-conductor-free PSCs using
carbon as electrode can transport holes effectively without HTL (Figure 11b). Being abundantly
available on the earth, carbon is also known for good conductivity, electrochemical activity, water
resistance, high chemical stability, and flexibility in processing, leading to low-cost and high-efficiency
PSCs [123]. Undoubtedly, carbon is an attractive choice for back electrode in hole-conductor-free PSCs.

To the best of our knowledge, the highest efficiency achieved by hole-conductor-free PSCs utilizing
carbon as back electrode is 15.9% [124]. According to the different bonded patterns of carbon atoms and
different dimensions of crystalline structures, there are several allotropes with very different chemical
and physical properties, as shown in Figure 12. Carbon nanotubes (CNTs) have a particular 1D hollow
tubular structure, which can be considered as the result of rolling up a monolayer graphite sheet,
resulting in a strong ability charge absorption [125]. The CNTs have good conductivity and chemical
stability, and the electrical properties can be adjusted by chemical doping [126]. Nanoscale CNTs can
also be applied to flexible PSCs, building wearable photovoltaic devices, meanwhile, CNTs have a
good transmittance of sunlight, causing more incident light for PSCs. Single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs) are the most common species of CNTs.
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Graphite is a soft and hexagonal laminated material, which has an outstanding thermal and electrical
conductivity and high corrosion resistance, however, it is often mixed with amorphous carbon black
with a large specific surface to form carbon paste, in order to contact effectively with perovskite layer.
Graphene could be employed in all layers of PSCs, which is called a “universal material”. Apparently,
graphene is a promising candidate for noble metals, owing to the good chemical and thermal stability
and high carrier mobility.

Metals 2018, 8, x FOR PEER REVIEW  19 of 33 

 

mixed with amorphous carbon black with a large specific surface to form carbon paste, in order to 
contact effectively with perovskite layer. Graphene could be employed in all layers of PSCs, which is 
called a “universal material”. Apparently, graphene is a promising candidate for noble metals, owing 
to the good chemical and thermal stability and high carrier mobility. 

 
Figure 12. Structure of various carbon materials [127]. 

Li et al. introduced CNTs in PSCs as back electrode, for the first time, in 2014 [126]. They applied 
the floating catalyst chemical vapor deposition method to fabricate laminated CNT networks, and 
then introduced it in hole-conductor-free PSCs, obtaining a PCE of 6.87%. By adding spiro-OMeTAD 
to form a composite electrode, the efficiency of this device can be further improved to 9.9%, due to 
the better enhanced hole-extraction and reduced charge recombination. Inspired by this work, plenty 
of studies mixed CNTs with hole transport materials [128–131], whereafter, some researchers utilized 
CNT alone as back electrode, by optimizing the device structure and preparation process [132–134]. 

In 2013, Han et al. established a hole-conductor-free MAPbI3/TiO2 heterojunction solar cell, 
which first introduced carbon black/spheroidal graphite as a back electrode to substitute the noble 
metallic electrode [13]. Mesoporous TiO2 and isolated ZrO2 with a thickness of 1 µm was screen-
printed on the top of the TiO2 compact layer, then, the 10 µm carbon back electrode was deposited 
followed by dipping of MAPbI3 precursor on top of the mesoscopic carbon layer, creating a structure 
of FTO/TiO2 compact layer/TiO2 mesoporous layer/ZrO2 isolating layer/carbon back electrode. This 
kind of structure is a so-called monolithic structure, as shown in Figure 2c, with an impressive PCE, 
exceeding 6.64%, and the device showed a long-term stability in the dark after 840 h. The sufficient 
infiltration of the perovskite precursor [135], quality of the perovskite materials [136], the size of TiO2 
particles [137], and the thickness of ZrO2 [138], all affect the performance of monolithic PSCs. 

The mass ratio of the composite materials of graphite and carbon black significantly influences 
the contact between the back electrode and the perovskite layer and electrical conductivity of the 
electrode itself. Graphite has good electrical conductivity, and plays a major role in the process of 
carrier conduction, but excess content of graphite will cause insufficient internal contact, thereby 
increasing electrical resistivity. Therefore, a moderate amount of carbon black is employed to obtain 
a better contact between graphite flakes [139]. The perovskite materials are filled in the porous carbon 
electrode of monolithic PSCs mentioned above, and an appropriate pore size can also determine the 
performance of monolithic PSCs. Zhang et al. found that 8 µm graphite is suitable for PSC electrodes 
and the optimum electrodes have a smaller square resistance and, hence, help the PCE exceed 11% 
[140]. 

Graphite, carbon black, and binder additives can be mixed to fabricate the commercial 
conductive carbon pastes which are widely used in PSCs. Tao et al. reported a carbon back electrode 
assisted by polystyrene spheres (PS-spheres) as pore-forming agent to gain microporous structure, 
for a better permeability with an average efficiency enhancement of 22% [141]. Liu et al. applied low-

Figure 12. Structure of various carbon materials [127].

Li et al. introduced CNTs in PSCs as back electrode, for the first time, in 2014 [126]. They applied
the floating catalyst chemical vapor deposition method to fabricate laminated CNT networks, and then
introduced it in hole-conductor-free PSCs, obtaining a PCE of 6.87%. By adding spiro-OMeTAD to
form a composite electrode, the efficiency of this device can be further improved to 9.9%, due to the
better enhanced hole-extraction and reduced charge recombination. Inspired by this work, plenty of
studies mixed CNTs with hole transport materials [128–131], whereafter, some researchers utilized
CNT alone as back electrode, by optimizing the device structure and preparation process [132–134].

In 2013, Han et al. established a hole-conductor-free MAPbI3/TiO2 heterojunction solar cell,
which first introduced carbon black/spheroidal graphite as a back electrode to substitute the noble
metallic electrode [13]. Mesoporous TiO2 and isolated ZrO2 with a thickness of 1 µm was screen-printed
on the top of the TiO2 compact layer, then, the 10 µm carbon back electrode was deposited followed by
dipping of MAPbI3 precursor on top of the mesoscopic carbon layer, creating a structure of FTO/TiO2

compact layer/TiO2 mesoporous layer/ZrO2 isolating layer/carbon back electrode. This kind of
structure is a so-called monolithic structure, as shown in Figure 2c, with an impressive PCE, exceeding
6.64%, and the device showed a long-term stability in the dark after 840 h. The sufficient infiltration of
the perovskite precursor [135], quality of the perovskite materials [136], the size of TiO2 particles [137],
and the thickness of ZrO2 [138], all affect the performance of monolithic PSCs.

The mass ratio of the composite materials of graphite and carbon black significantly influences the
contact between the back electrode and the perovskite layer and electrical conductivity of the electrode
itself. Graphite has good electrical conductivity, and plays a major role in the process of carrier
conduction, but excess content of graphite will cause insufficient internal contact, thereby increasing
electrical resistivity. Therefore, a moderate amount of carbon black is employed to obtain a better
contact between graphite flakes [139]. The perovskite materials are filled in the porous carbon electrode
of monolithic PSCs mentioned above, and an appropriate pore size can also determine the performance
of monolithic PSCs. Zhang et al. found that 8 µm graphite is suitable for PSC electrodes and the
optimum electrodes have a smaller square resistance and, hence, help the PCE exceed 11% [140].
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Graphite, carbon black, and binder additives can be mixed to fabricate the commercial conductive
carbon pastes which are widely used in PSCs. Tao et al. reported a carbon back electrode assisted by
polystyrene spheres (PS-spheres) as pore-forming agent to gain microporous structure, for a better
permeability with an average efficiency enhancement of 22% [141]. Liu et al. applied low-temperature
carbon back electrode in fabricating large-area hole-conductor-free PSCs, achieving a PCE of 3.3%,
and with no obvious decay during a testing period of 624 h [142]. Zhang et al. fabricated a monolithic
PSC using carbon as back electrodes and TiO2 nanosheet layers as photoanode. With the increasing
thickness of TiO2 nanosheet layer, more MAPbI3 was adsorbed into the TiO2 nanosheet photoanode,
and the interfacial recombination of electrons and holes at TiO2 nanosheet/perovskite interface was
reduced, leading to the higher JSC and VOC [143]. Hari Bala and co-workers optimized the doping
ratio of Br in perovskite, making the device retain 96.23% of the initial efficiency after being stored in
the air for 56 days (1344 h) [144]. Li et al. prepared Ag/nano-TiO2 composites and introduced them
into the compact film of conventional hole-conductor-free PSCs. The strong scattering effect and the
surface plasmon resonance effect of the metallic Ag nanoparticles strengthened the optical absorption
of the PSCs in the visible light region, and enhanced the efficiency of electron injection, resulting in a
30% enhancement in PCE [145].

In 2004, Novoselov et al. prepared graphene by mechanical exfoliation (repeated peeling)
of small mesas of graphite [146]. At present, graphene is widely used in the fields of chemistry
and materials science, and plays a more and more vital part in the photovoltaic field. Snaith
and co-workers employed graphene to PSCs, firstly, and utilized nanocomposites of graphene
and TiO2 nanoparticles as the electron collection layers in mesoporous PSCs, providing superior
charge-collection ability [147]. Not only being used in the ETL, graphene can be a functional material
of transparent electrodes [148–150] and HTL [151–153]. In terms of the back electrodes, Yan et al.
synthesized single-layered graphene (SG) and multi-layered graphene (MG) from the reduction of
their oxide at 1000 ◦C under an argon atmosphere, and then utilized these graphene materials as back
electrodes [154]. After detailed investigation, they found that MG has higher hole extraction rates than
SG. PSCs used MG as HTL yield about 11.5% PCE, with FF as high as 0.73, whereas SG devices yield
6.7% and 0.54. Wei et al. synthesized three-dimensional honeycomb-like structured graphene (3DHG)
by the reaction of potassium with CO2, which is coated on a perovskite layer as a back electrode
with the doctor-blade method [155]. The electrical conductivity of 3DHG can be enhanced through
increasing synthesis time, thereby boosting the performance, and hysteresis was not observed for the
PSCs with the 3DHG back electrode. Zhu et al. synthesized high specific surface area nitrogen-doped
graphene frameworks by using a facile one-step fast pyrolysis [156]. The PCE of 10.32% is achieved,
higher than devices with a purely graphene framework as back electrode. The enhancement can
be attributed to the increased charge-extraction efficiency and transportation ability, which reduce
charge-recombination losses. Additionally, the large light transmittance of graphene makes it an
excellent electrode material for top cells of tandem photovoltaics [157–159].

5.3. Scalable Deposition Methods

High-performance PSCs are fabricated through solution processing, which has not been
demonstrated for other photovoltaic technologies. This makes PSCs promising candidates for a
high-performance, low-cost photovoltaic technology. Many researchers turn to large-area PSCs,
and even perovskite modules, in recent years, to further accelerate the process of commercialization.
A perovskite module with a certified PCE of 16% and an area larger than 16 cm2 has recently been
demonstrated [160]. Apparently, PSCs with larger area are crucial for reducing the cost of perovskite
modules. Spin-coating is the most common method for perovskite thin-film deposition. However, it is
generally limited to a small scale of deposition, and a large portion (more than 90%) of the precursor
ink is wasted in the process. In spin-coating, high-quality wet-solution perovskite films rely on the
continuous centrifugal force from spinning, which is difficult to reproduce in scalable deposition
processes, thus, a great deal of scalable coating methods have emerged.
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5.3.1. Doctor-Blade Coating

The doctor-blade method uses a blade to spread precursor solution on substrates and form a
wet thin film (Figure 13a). The film thickness and crystallization are generally controlled by the
concentration of the precursor ink, the gap between the blade and substrate, and the speed at which
the blade moves across the substrate. The fabrication process and equipment can be simplified by the
doctor-blade method, and the ink waste is obviously reduced compared with spin-coating method.
Many studies have employed the doctor-blade method to prepare large area PSCs [161–165] with
optimized PCE greater than 19% [166].

5.3.2. Slot-Die Coating

Slot-die coating is similar to doctor-blade coating, and uses a die as ink reservoir to spread liquid
through a slot (Figure 13b). Ink flow can be better controlled than doctor-blade coating, but this
method normally requires larger quantities of ink to fill the ink reservoir and supply pipe and, thus,
has been less explored and, at present, the PSCs prepared using a slot-die coating method have a much
lower PCE than those fabricated through doctor-blade coating. However, the slot-die coating has been
developed for many years, and is suitable for roll-to-roll deposition, which provides a better future
for large-scale PSC fabrication [167–169]. Burkitt et al. achieved four slot-die coated layers including
perovskite, HTL, ETL, and mesoporous layer, and the process is greatly simplified [170]. Kim et al.
developed a single-step slot-die coating, and used gas quenching and substrate heating to achieve a
defect-free dense perovskite layer, resulting in a PCE of 12.7% [171].

5.3.3. Spray Coating

Spray coating disperses tiny liquid droplets onto substrates through a nozzle (Figure 13c).
According to different ways of dispersing the droplets, it can be further classified, such as pneumatic
spraying (through fast gas flow), ultrasonic spraying (through ultrasonic vibration), or electrospraying
(through electrical repulsion). Among these spray methods, ultrasonic spraying is commonly
introduced to fabricate perovskite layer and ETL [172–175]. Several droplets need to overlap in a local
area, in other words, multiple spraying needs to be carried out to ensure full coverage. The substrate
should be kept at an elevated temperature during spraying, in order to increase the rate of solvent
evaporation and suppress the redissolution of deposited material.

5.3.4. Inkjet Printing and Screen Printing

In inkjet printing process, nozzles with a piezo material are used to disperse the precursor
ink, with fine control of the droplet size and pattern (Figure 13d). Inkjet printing can be applied to
prepare mesoporous [176,177] and monolithic hole-conductor-free PSCs [178,179], which can be easily
combined with a roll-to-roll process. Screen printing always needs a patterned mesh screen to hold
and transfer ink to the substrate (Figure 13e). This method has good patterning ability, with a lateral
resolution of around 75–100 µm [180]. Screen printing is usually used to deposit thicker films, thus,
it is favored method to form mesoporous layers and carbon back electrodes [181,182].

5.3.5. Vapor-Phase Deposition

The vapor-phase method is common in solar cell fabrication, such as in the preparation of
CuInGaSe2 (CIGS) and CdTe, which relies heavily on physical vapor deposition. Liu et al. employed
vapor-phase method to the fabrication of perovskite film for the first time [183]. They use dual-source
vapor deposition to create uniform flat films with high coverage, compared to films prepared through
a solution process. The dual-source thermal evaporation system is shown in Figure 13f. Subsequently,
a lot of reports combined solution-phase and vapor-phase method to form high-quality perovskite
films without sophisticated vacuum equipment [184].
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6. Summary and Future Outlook

PSCs have made great progress in the past nine years, thanks to the highlighted properties of
organic–inorganic hybrid halide perovskite materials. Despite this rapid development, PSCs are
still not comparable to other commercialized photovoltaics, such as crystalline silicon and CIGS,
which we attributed to three aspects, and gave a detailed description. Firstly, there is still much room
for improvement in the efficiency. Optimizing the chemical composition of the perovskite materials,
introducing suitable additives to passivate the grain boundaries of the perovskite polycrystalline films,
and modifying the interface by using some interlayers or passivator through interfacial engineering,
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can effectively improve the optoelectronic properties of perovskite materials and transportation of
carriers in the interfaces, thereby enhancing the efficiency of PSCs. Secondly, the stability of PSCs has
not been well solved. Moisture, oxygen, and thermal instability can be alleviated by adjusting the
composition of the perovskite and, moreover, the application of low-dimensional perovskite materials
is another solution toward these issues. Remarkably, the intrinsic moisture and oxygen problem can
be overcome by application of some isolating layers and additives. The poor stability caused by UV
light is generally due to the presence of TiO2, which can be settled by employing other kinds of ETL
materials, and directly isolating the UV light. Finally, although perovskite has abundant low-cost raw
materials, expensive organic hole transport materials and noble metals still make PSCs a high-cost
photovoltaic device. For the HTL, inorganic materials can be an applicable replacement. The HTL can
also be directly removed to fabricate hole-conductor-free PSCs. Regarding metal electrodes, a variety
of carbon electrodes can be utilized to lower the cost of PSCs. When PSCs enter commercial large-scale
production, a larger area of perovskite apparently increases productivity and reduces the cost of PSC
modules. Therefore, we briefly overviewed common scalable deposition methods in which inkjet
printing and screen printing represent well-developed technologies which can be easily introduced
into a roll-to-roll process, making it the most promising method for large-scale production. PSCs can
make a great step forward in commercialization on the condition that all the difficulties, described
above, are completely resolved.
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