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Nanotechnologies and nanostructured materials are attracting significant attention as most promising candidates for achieving drastic improve-
ment of solar energy conversion efficiency in next-generation nanostructured-based perovskite solar cells (PSCs). In this review, we focus on
the latest achievements in construction of efficient PSCs and describe new trends in perovskite solar photovoltaics including the development of
high-performance perovskite-silicon tandem solar cells, inorganic PSCs with stabilized efficiency and a new generation of PSCs for low light-
ing conditions that opens great possibilities for indoor applications. A special attention is paid also to the development of new types of efficient
photoelectrodes for PSCs based on very large band gap metal oxides.
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1. Introduction

Nanotechnologies and nanostructured materials are attracting significant attention as most promising candidates
for achieving drastic improvement of solar energy conversion efficiency in next-generation nanostructured solar cells
(SCs) [1, 2]. In recent years, considerable interest has beenfocused on a new generation of inorganic-organic metal
halide perovskite solar cells (PSCs).

The first report on anew type of PSC with 3.8 % efficiency emerged in 2009 [3]. In this study perovskites
were used as sensitizers in Gratzel-type dye-sensitized solar cells (DSCs) [4, 5]. In short order, the efficiency of
PSCs was increased up to 6.5 % [6]. However, the application of liquid electrolyte in the hole-transporting material
(HTM)created a situation in which the stability of SCs was weak and the future of such type of perovskite DSCs looked
questionable [6]. Serious progress was gained with the emergence of solid-state PSCs where perovskite material
MAPbI3 was spin-coated on nanostructured TiO2 photoelectrode. The PSC n-i-p junction configuration was then
accomplished by coating the molecular spiro-MeOTAD HTM film and Au back contact [7]. During short period of
time the power conversion efficiency (PCE) of such cells has been dramatically increased and the best cell efficiency
has now reached 25.5 % [8, 9]. Thus, the above-mentioned achievements in PSC solar photovoltaics have made these
devices nearly as efficient as the best conventional SCs based on crystalline silica (c-Si).

In the meantime,the construction of solid state PSCs comprise organic-inorganic hybrid perovskite materials, like
ABX3, where A is an organic cation such as methylammonium (MA+), B is Pb2+ and X is Br, or I [10]. The main
problem of perovskite materials appeared to be due to their organic nature possessing poor stability when exposed
to heat, oxygen and moisture and also due to their rapid degradation under illumination [11–13]. To overcome the
stability problems a number of solutions have been proposed [14, 15]. However, the long-term stability of PSCs still
does not meet the necessary requirements for large scale production. While the stability remains a major problem to
be overcome, many other aspects of PSCs are now investigated. In this short overview, attention is given to the latest
achievements in constructing more efficient photoelectrodes for PSCs and also to the new trends in perovskite-based
photovoltaics associated with the development of high performance tandem PSC-based SCs and a new generation of
PSCs for low lighting conditions that opens great possibilities for indoor applications.

2. Current status of solar photovoltaics

The key challenge facing the global energy industry is the transfer towards resource-saving technologies and the
large-scale introduction of renewable energy sources. Among all the available renewable energy resources, the greatest
potential is for that ofsolar radiation energy, which can be directly converted into electricity using solar cells (SCs).
The global production of dominant silicon solar panels (mainly monocrystalline (c-Si) and polycrystalline (multi-Si)
is exponentially growing, and their cost is declining and currently stands at $0.21 – 0.35/W [16]. Silicon solar cells
have a number of undoubted advantages, including long-term stability and high efficiency when working under high
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intensity AM1.5G lighting conditions. Fig. 1 illustrates the exponential growth in global solar panel production during
the recent decades and the parallel drop in the cost of silicon solar panels. Long-term forecast of changes in the average
cost of electricity generated in the world by silicon solar panels assumes that after 2020, the cost of kWh of electricity,
received from the solar cells,will approach the cost of electricity obtained from conventional sources (coil, gas, oil),
which will mean the achievement of grid parity.

FIG. 1. Illustration of the exponential growth of world installed solar energy capacity (left) and the
dramatic drop in the cost of solar PV modules (right)

Other less common types of solar cells, mainly thin-film, which in the last decade have been claimed as potential
competitors to Si-based SCs, include solar cells based on amorphous and micromorphous silicon, SCs based on thin
chalcogenide films (CIGS), and SCs based on cadmium telluride (CdTe). To date, these technologies totally occupy
about 5 % of the global annual solar panels production, and no significant changes are expected in this distribution.
Returning to the question of grid parity, it should be noted that for solar photovoltaics, achieving sustainable grid
parity can lead to significant changes not only in this industry, but throughout the whole global energy sector. It
is worth mentioning that the level of such parity can vary significantly depending not only on the geography of the
region, but also on the features of its economic development and energy policy. However, despite the “exponential”
achievements of recent decades, the current situation in the field of solar photovoltaics is not so inspiring. The main
problem of photovoltaics lies in impossibility of further improvement, most importantly, costs reduction for silicon
solar panels, since the potential for the further decline in costs for this technology is greatly limited. In this respect, the
scientific community needs to establish new approaches which would allow, based on basic research or through the use
of new designs and materials, to create alternative types of SCs, which could provide the grid parity in the majority
of world regions and fundamentally change the global energy structure. If we analyze the work of the majority of
scientific teams in the field of solar photovoltaics throughout the world, it becomes obvious that the research aimed at
the development of the novel SC types is the most relevant currently.

3. Current status of perovskite solar cells

The perovskite material, used in conventional solid-state PSCs, such as CH3NH3PbX3 demonstrates a tunable
band gap ranging from 1.5 to 2.3 eV [17] and possesses high light absorption coefficient suitable for solar photovoltaic
applications [18]. At the same time, perovskite materials are low-cost while fabrication methods for PSCs have
a number of advantages over fabrication process of conventional c-Si solar cells. PSC’s architecture comprises a
mesoscopic layer of metal-oxide nanoparticles on a conductive substrate, which plays a role of the electron-conductive
photoelectrode, a perovskite (CH3NH3PbI3) layer deposited on top of the photoelectrode, a hole-conductive layer and
a metallic counter electrode [19]. The illustration of the PSC architecture and the laboratory samples of PSC devices
prepared in the Solar Photovoltaic Laboratory (IBCP RAS, Russia)is given in Fig. 2.

The initial meaning of “perovskite” was about the crystal structure of calcium titanate, which was discovered in
1839 by Gustav Rose and was named by the Russian mineralogist Lev Perovski. Since then, the term “perovskite” has
referred to all compounds with the same crystal structure as calcium titanate [20].

The first perovskite-based solar cell construction was reported by T. Miyasaka one decade ago [3]. This device
used a liquid electrolyte as an s hole-transporting material (HTM) and have shown poor stability. Later, N. Park et
al. [6] improved the PSC efficiency but the problem of the instability was not solved. The situation has changed dramat-
ically with the appearance of solid-state HTM (2,20,7,70-tetrakis(N,N-di-pmethoxyphenylamine)-9,90-spirobifluorene,
i.e., Spiro-OMeTAD). They succeeded in the improvement of the device stability and reached an efficiency of 10.9 %
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FIG. 2. Device architecture of the PSC (left) and the laboratory PSCs prepared in the Solar photo-
voltaic laboratory of IBCP RAS (right)

with an open-circuit voltage higher than 1.1 V [6]. Even better results were obtained in 2013 with the introduction of
graphene nanoparticles into PSCs which increased the efficiency up to 15.6 % [21]. In 2015, a new record of 20 %
efficiency was achieved by using perovskite material based on, formamidinium iodide HC(NH2)2PbI3 together with
poly-triarylamine (PTAA) HTM [22]. Finally, in 2017, the record efficiency of 22.1 %, was reported [23]. At the same
time, perovskite-based tandem cells with c-Si bottom cell with the efficiency of 26.7 % appeared [24]. Very recently
Oxford PV declared 28.0 % efficiency tandem perovskite-silicon solar cell while Helmholtz–Zentrum Berlin (HZB)
announced a certified efficiency of 29.15 %. However, in both cases, no scientific publications have yet appeared.

The efficiency progress of PSCs in comparison with other photovoltaic devices is discussed in [25]. Perovskite
solar photovoltaics, as compared to other photovoltaic technologies, including thin film CIGS, organic SCs, DSCs and
a variety of Si-based devices, aims to become the best alternative to solar photovoltaics of the future.

4. PSC research history

Currently, one of the most promising areas of basic research in the field of photovoltaics is the development of per-
ovskite solar cells (PSCs). Perovskite materials have a unique structure in which organic and inorganic components
are alternating. That is what causes the presence of perovskite unusual electrical, magnetic and optical properties.
First solar cells sensitized with perovskites have been presented in the article of T. Miyasaka (Tokyo, Japan) in 2009
in which the chemical compound using CH3NH3PbI3 (band gap 1.55 eV) in combination with a liquid electrolyte
reached the energy conversion efficiency of 3.8 % [3]. Later, through the optimization of the surface of the titanium
dioxide and the further processing in the laboratory perovskite N. Park (Suwon, South Korea) in 2011 managed to
get the efficiency value of 6.5 % [6]. However, the fabricated cells worked poorly as perovskites decomposed by
contact with sodium iodide/triiodide ions. In this regard, in 2012 M. Gratzeland, H. Park (Lausanne, Switzerland)
proposed to use an organic semiconductor Spiro-MeO-TAD as a hole transporter [11]. The efficiency of sunlight con-
version was increased to 8 – 10 %. Thus, there was a transition from the standard solar cells working in conjunction
with liquid electrolyte for solid state solar cells. In 2013, M. Gratzel and coworkers have shown that nanocrystals
sequential deposition precursors (CH3NH3PbI3 and PbI2) solution on the surface of mesoporous titanium dioxide can
effectively control the morphology of the applied perovskite layer CH3NH3PbI3 [26]. Maximum efficiency of thus
obtained solid solar cell based on mesoscopic layers of titanium dioxide was 15 %. The research team, headed by
Snaith (Oxford, UK) has proposed a way to create PSCs [7]. Based on the results obtained, they published a paper in
2012, according to which, the replacement in the solar cell layer of mesoporous titanium dioxide similar in structure to
the insulating layer of aluminum oxide voltage not only changed, but also increased. This indicates that the perovskite
has CH3NH3PbI3 intrinsic conductivity, while it can move in both electrons and holes, i.e. ambipolar material has
such properties. Referring to ambipolar properties perovskites in 2013 H. Snaithand colleagues (Oxford, UK) devel-
oped solid-state solar cell with a heterojunction type “pin”, which takes the role of an active layer of perovskite layer
disposed between the dense titanium dioxide layer (n-type) layer and Spiro-MeO-TAD (p-type) [27]. The mesoporous
titania layer was absent, as perovskites, which are synthesized by mixing PbI2 and CH3NH3PbI3 in γ-butyrolactone,
were deposited by vapor deposition. In this case, the conversion efficiency of solar energy into electric energy reaches
15.6 % [21]. After the scientific papers mentioned above, from 2013 to the present day, a large number of publications
have emerged devoted to finding ways to improve the efficiency of solar cells based on perovskites. For example, in
early 2015, M. Gratzel and colleagues suggested before application to the mesoscopic layer of titanium dioxide added
to the solution of the perovskite in a mixture of γ-butyrolactone and dimethylformamide (DMF) 4-butylphosphonic
acid 4-ammonium chloride. This additive acts as a crosslinker formed on the surface of the electrode grains of per-
ovskite structures by means of hydrogen bonds between –PO(OH)2, and –NH3 groups that facilitates penetration of
the particles into the pores CH3NH3PbI3 titanium dioxide and provides a more uniform layer of the light absorber. The
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efficiency of the solar cell, created in accordance with this methodology, reached 16.7 % [28]. In 2014, S. Seok and
colleagues (Daejeon, South Korea) conducted research of perovskite mixed composition CH3NH3Pb(I1−xBrx)3. It
has been found that the partial replacement of iodide ions, bromine ions (x = 0.1 – 0.15) increases the stability of the
desired material. In such a PSC, where poly-triarylamine was used as a hole carrier, the efficiency reached 16.2 % [29].
In the same laboratory, mixed perovskites of γ-butyrolactone and dimethyl sulfoxide (DMSO) were synthesized and
twice applied on a mesoscopic titania layer. Wherein the second time toluene was added to the solution recommended
perovskite. By this the most uniform and dense layers of absorbent material were obtained [29]. At the end of 2014
S. Seok (Daejeon, South Korea) used a more complex structure of perovskite, containing methylammonium ions and
formamidine as a sensitizer, achieving an efficiency of 17.9 %. This result was certified in a photovoltaic calibration
laboratory, and was the highest for that time [10]. Perovskite HC(NH2)2PbI3 used was characterized by band gap
(1.47 eV) which was more narrow than in CH3NH3PbBr3 (2.0 eV). In 2015, in the laboratory of H. Park (Seoul, South
Korea), they have established more than 40 samples of PSCs, which amounted to an average efficiency of 18.3 %,
with the maximum efficiency equal to 19.7 % [30]. In later works, by optimizing the design of a device architecture
with a precise controlling of the perovskite grains and grain boundaries, a power conversion efficiency of 22 % was
achieved [31]. The research group of S. Seok (Daejeon, South Korea) has provided the compositional engineering of
low band gap formamidinium lead iodide based layers, (FAPbI3)1−x(MAPbBr3)x, which allowed the synthesis of a
more stable microstructured dense layers of efficient PSCs [32, 33].

In recent years, the possibility of using PSCs in tandem was actively studied [34]. Different types of solar cells
may be combined with each other either mechanically (i.e., when they are simply connected to contacts), or monolith-
ically configured, when both cells are combined into one monolithic device and between them there is an additional
layer of conductive material. The efficiency of first tandem solar cells was 18.7 % [35]. Tandem solar cells based
on perovskite with a silicon element in a monolithic configuration was shown to achieve the efficiencies exceeding
25 % [36, 37]. The advantages of using perovskites as sensitizers in solar cells are obvious. First , they absorb light
across a wider range than those solar cells with dyes in a liquid electrolyte (in DSCs) used to date and secondly, they
have ambipolar characteristics, and thirdly, they are cheap and lead to efficiencies exceeding 20 %. However, there are
some unsolved problems to date [34, 38]:

1) Perovskites are unstable and degrade by prolonged exposure to sunlight;
2) Lead ions that are part of perovskites, are highly toxic;
3) PSCs are characterized by a strong hysteresis in the measurement of current-voltage characteristics in forward

and reverse modes;
4) Creating PSCs with a large area is complicated;
5) Stability problems and the development of inorganic PSCs.

As it was previously mentioned, for a short period, the efficiency of laboratory scale PSCs increased from 3 – 5
to 20 – 24 %, which made them competitive with conventional Si-based SCs and the most promising candidates for
solving the problems of global photovoltaics. However, it soon became apparent that the key component of the PSC –
the photoactive absorber layer of perovskite material CH3NH3PbI3 – was structurally unstable under conditions of
ambient humidity, light exposure, and rapidly and noticeably degraded under increased temperatures. Studies have
shown that under real outdoor conditions, the efficiency of MAPbI3-based PSCs decreases to zero over a short period
of time [39]. As a result, the main photovoltaic parameter of the PSCs, i.e. stabilized efficiency, remains uncompetitive
with respect to Si-based SCs hich possess high long-term stability.

Since the problem of achieving the long-term stability of conventional PSCs remains unresolved, in the past few
years attempts have been made to replace classical organo-inorganic materials in PSCs with inorganic systems based
on lead halides with perovskite structure of APbX3 type, where A is an inorganic cation, and the anion is PbX3− (where
X = Cl,Br, I). In this respect, the works carried out by the scientific team headed by P. Troshin (IPCP RAS, Russia)
attract a considerable attention. In their studies, perovskite materials were used with the structure of CsPbI3, which
showed significant advantages in terms of stability of the photovoltaic parameters being introduced in PSCs [40, 41].
Similar investigations have been carried out in the world most recognized photovoltaic research group NREL (NREL,
USA), where high efficiency values were achieved in such PSCs [42]. At the same time, a number of studies indicate
that the proposed compounds based on lead halides could be unstable over prolonged periods. The latter may happen
due to the high diffusion ability of halogen atoms and their high ionic mobility, which could be initiated by temperature
and photoeffects and as a result can lead to structural changes in the crystal lattice of halogen-containing compounds.

5. Inorganic PSCs based on complex oxides

Recently, compounds with the general structure A2B′B′′O6, which are double oxide perovskites of rare-earth
elements –R2NiMnO6 (R is a rare-earth element), have attracted special interest [43–47]. Unique semiconductor and
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optical properties were found for Sm2NiMnO6 (SNMO). Its high dielectric constant helps to reduce the recombination
rate of electron-hole pairs and the optical band gap (Eg = 1.4 eV) corresponds to the maximum of the solar radiation
spectrum. Both of these parameters are critical for the effective operation of photovoltaic converters [48, 49]. One of
the main advantages of this class of compounds is that such inorganic systems, a priori, have high long-term stability
under various temperature conditions, the absence of photodegradation and resistance to atmospheric humidity. Com-
plex oxides with a double perovskite structure have the optical absorption range close to that of the solar spectrum and
high photoconductivity. The optical band gap valuesEg are in the range of 2 – 2.5 eV, and with doping, could be varied
to 1 – 1.5 eV. Attempts to use such compounds for the fabrication of PSCs led to relatively low efficiencies of photo-
conversion, however, comprehensive fundamental and engineering efforts in this area have not yet been undertaken.
At the same time, preliminary studies carried out in several world laboratories have shown promising opportunities for
optimizing the design of PSCs based on these compounds and improving their photovoltaic parameters, which opens
up the possibility of developing a new class of PSCs with high long-term stability.

To conclude, perovskite photovoltaics currently plays a significant role in the field of solar cell research. Many
hundreds of laboratories across the world are specialized in this field and their number is constantly growing. Analysis
of research activities by competing groups within the perovskite photovoltaics area shows that the studies could be
divided into three groups in accordance with the type of photoactive materials used for PSCs fabrication. The largest
group studies the conventional organic-inorganic PSCs based on CH3NH3PbI3 or similar (mixed cation and/or mixed
halide) perovskite structures. The smaller second one is focused on the development of more stable inorganic PSCs
with APbX3 structure, where A is an inorganic cation. Finally, the main activities of the third group are related to the
studies aimed at the development of highly stable inorganic perovskite-type rare-earth oxides (e.g. Sm2NiMnO6) and
their photovoltaic applications [45].

6. Perovskite cells for indoor photovoltaics

6.1. Emerging of photovoltaics for low-intensity sources

Decades ago, when only Si-based SCs dominated in solar photovoltaics, efforts were provided to fabricate perfect
and efficient devices for application under indoor low-intensity illumination. Silicon SCs have a number of defi-
nite advantages, including long-term stability and high efficiency when working under standard conditions AM1.5G
(1000 W/m2). However, it was shown that the efficiency of c-Si SCs decreases at low levels of solar radiation and
significantly decreases under diffuse lighting conditions [50]. Fig. 3 shows the effects of light intensity and incidence
light angle on the efficiency for DSC and c-Si solar cells. A similar behavior, somewhat less pronounced, was ob-
served for other types of conventional, but less common solid-state PCs based on amorphous silicon (a-Si:H) and
chalcogenides (CIGS). In this regard, one of the relevant tasks of modern photovoltaics is the search for alternative
types of PCs, effective both in high solar radiation conditions and under low-intensity and defused light fluxes.

FIG. 3. Comparison of the effects of light-intensity (a) and incidence light angle (b) on the efficien-
cies of DSC and c-Si solar cells

Perovskite cells for indoor photovoltaics looks to promise a significant future for local power generation [51].
Fig. 4 illustrates the difference in the behavior of PCE dependence on light intensity for PSC and c-Si solar cells. It was
also shown that PSCs can efficiently convert waste lighting from different artificial sources into electric power. Per-
ovskite photovoltaic cells are highly efficient and cost-effective. Recently, it was shown that stoichiometry-controlled
perovskite-based photovoltaic cells illuminated under the dim light-emitting diode (LED) are highly effective and
provide unusually large PCE. It was found that 10 % bromide-doped perovskite photoactive layers exhibit the best
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performance as a result of better crystallization and uniform surface that helped to form larger grains of perovskite
with reduced defect concentrations, which suppressed carrier trapping and recombination and resulted in improved
PSC performance [53]. As a result, under dim LED indoor illumination of 1000 lx, these types of PSCs have gained
PCE of 34.5 % [54]. Actually, the result obtained demonstrates the appearance of the new indoor electronics.

FIG. 4. Dependence of power conversion efficiency (PCE) on light intensity for PSC and c-Si solar cells

Two new rapidly developing areas have emerged recently as a part of global energy trends. One of them is related
to the development of the Internet of Things (IoT) environment and the upcoming need for off-grid power for a large
number of electronic devices with low power consumption. Another one, called “energy harvesting” (“collection by
crumbs”), still not directly intersecting with the first, is the development of the low-power collecting systems from
various energy sources. Photovoltaic devices that do not need to be replaced, which should be adapted to work
in ambient lighting conditions, are considered as ideal candidates for indoor light harvesting and powering the IoT
devices. As was shown above, there is no practical prospects in using the traditional solar cells based on crystalline
silicon or chalcogenides for this purpose.

Application of PCs for efficient indoor light harvesting could be carried out by adapting solar cells based on
organo-inorganic compounds, in which the absorption spectrum of photoactive materials more closely matches the
spectral characteristic of radiation from the artificial light sources. Dye-sensitized solar cells (DSCs) and perovskite
solar cells (PSCs) could be regarded as the most promising candidates for this purpose. It has been shown that in DSCs
the efficiency increases as the illumination decreases from 10 – 12 % in AM1.5G mode to values exceeding 20 %
under diffuse artificial lighting (200 – 1000 lx). Under similar conditions, PSCs demonstrate even more impressive
results when the efficiency increases from ∼ 18 – 20 % in AM1.5G mode to ∼ 30 % under 200 – 1000 lx ambient
lighting [51, 53, 54].

6.2. Nanocrystalline solar cells performance under variable outdoors illumination

In recent years efforts have been focused on the development of DSC and PSC solar cells for efficient operation
under both high solar radiation during sunny days and under low-light conditions in cloudy weather. It was found that
under the diffuse lighting conditions in cloudy weather, DSCs and PSCs remain the only really functioning types of
solar photoconverters. The data obtained indicated that the efficiency for either PSCs or DSCs in outdoor conditions
demonstrated an increase in conversion efficiency with a decrease in light intensity. The data available from the
literature have shown great promise for the use of DSC- and PSC-based light energy SCs for highly efficient indoor
operation under low-power artificial light sources with a relatively narrow spectral range [50,54]. Thus, increase in the
efficiency and development of novel stable photoconverters based on DSC and PSC, optimized for indoor operation
under diffuse artificial lighting, is a new and relevant problem for modern photovoltaics.

In the field of basic research, regarding the processes of light energy conversion in DSC and PSC, optimized
for operation in a specific spectral range of artificial lighting, it becomes necessary to address a number of poor-
studied issues related to the specific energic characteristics of interfaces under conditions of predominant absorption
of photons with energies ranging from 2.5 – 3 eV (solar cells are illuminated outdoors by the solar spectrum in the
range of ∼ 0.6 – 3.5 eV). Another important aspect is that the light fluxes and therefore the number of photogenerated
charge carriers when operating under ambient lighting conditions are about 3 orders of magnitude lower compared
to the standard AM1.5G mode, which makes it critically important to optimize charge transfer carrier processes of
across the interfaces in conditions of low-intensity artificial lighting. In the applied aspect, bearing in mind the lack
of direct illumination of the photoconverter surface located indoors, new engineering solutions are required to create
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more efficient SCs designs, for which, in particular, it is possible to use the double-sided PC architecture. Fig. 5
shows an example of such a design realized in a double-sided photovoltaic device for indoor operation under ambient
lighting introduced by O. Shevaleevskiy and coworkers (IBCP RAS, Russia) [55]. Development of double-sided SCs
architectures for efficient indoor light harvesting opens a possibility to reach outstanding efficiencies. Bearing in mind
that with the appropriate location of a PSC with more than 30 % efficiency [54], where low intensity diffuse lighting
falls on the PSC surface from all sides, the efficiency of a double-sided photovoltaic device can be doubled, compared
to the one-sided conventional scheme, and could reach the value of around 60 % efficiency per unit area.

FIG. 5. Architecture of a double-sided DSC solar cell [55]

6.3. Current status of indoor photovoltaics

To date, the world production of solar cells, can be conventionally divided into the following categories: solar
modules of a large area for powerful solar power plants that generate network electricity, modules for distributed
systems of local consumers, and small-sized systems to power portable electronic devices [54]. In turn, the latter
category also includes SCs for low-power autonomous SC devices and systems (energy harvesting) for the application
in the enclosed areas under low-intensity artificial lighting. A decade ago DSCs only looked to be the most promising
for this purpose, where they demonstrated obvious advantages [56,57]. Unlike conventional SCs, DSCs demonstrated
a unique advantage of maintaining high indoor efficiency in low-intensity artificial lighting [58]. Despite the obvious
interest in using DSCs for these purposes, there appeared only a few significant publications on DSCs in indoor
environments under ambient lighting conditions [59–62]. The main milestone lies in a significant difference between
the AM1.5G solar radiation spectrum and the illumination parameters, adapted for indoor work with predominantly
artificial light. In the spectrum of the incident solar radiation AM1.5G, almost half of the energy is in the infrared
range. However, the limits of spectral absorption in conventional SCs based on crystalline silicon or chalcogenide
(CIGS) are located in the region of 1000 nm. The same concerns and PSCs while for both several requirements should
be met for efficient indoor operation. Fig. 5 shows the results which demonstrate the remarkable difference between
c-Si and perovskite solar cell behavior under varied illumination.

Alternatively, photovoltaic devices for the enclosed areas explores the behavior of the elements in artificial light
from the following light sources: incandescent bulbs, fluorescent lamps CFL (compact fluorescent lights) and LED
sources [63]. The intensity of the lighting sources when working indoors depends heavily on many factors, including
the type of room, the location of the SC, its orientation, etc., which can vary widely from dozens of µW/cm2 to
dozens of mW/cm2 [64]. The intensity of indoor lighting is measured in lx (lm/m3) and can be correlated with
P (W/m3) insolation capacity through the appropriate formulas. Typically, artificial light sources with a light flow
level of 200 – 500 lx or solar simulators with a radiation capacity of 50 – 5 µV/cm2 are used to study and operate
SCs indoors. In accordance with the standards established, the minimum lighting values in the office space should
be within 200 – 500 lx. It is also accepted that the lighting levels of the rooms correspond appropriately to: (1) low-
light (0 – 200 lx, or 0 – 180 µW/cm2); (2) medium light (200 – 500 lx, or 180 – 450 µW/cm2), and (3) high light
(> 500 lx, or > 450 muW/cm2). The scope of the ongoing scientific efforts for the constructing PSCs with specific
characteristics is directly related to the emerging of new direction in the world, called “Energy harvesting” (also
“Energy scavenging”), i.e. collection and accumulation of low-density energy from non-carbon sources, such as sun,
wind, thermal, gradient and kinetic energy. The introduction of “Energy harvesting” ideology in the industrial world
is aimed at using small amounts of energy (the “small-cut” energy collection) to power electronic devices with low
energy consumption, primarily for small low energy wireless standalone devices like sensors, switches, “smart dust”
etc. PV energy harvesting is a low-density solar energy collection that combines a combination of technologies to
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generate SC electricity in low-light environments indoors, and as a result of accumulation energy using batteries or
supercapacitors. Initially such devices were powered by SCs on the basis of amorphous silicon (a-Si), the effectiveness
of which, unlike other types of solid-state SCs, was less dependent on the light intensity. It is important to emphasize
that efficiency of a-Si SCs under low lighting conditions does not exceed 4 – 5 % [65]. Alternatively, DSCs in
similar conditions may show 4 times greater efficiency exceeding 20 % while PSCs promise to reach more than 30 %
efficiency [54]. It denotes that the required lighting period for powering the indoor electronic device using PSC will
be 5 times less than in case of using conventional a-Si SC for this purpose.

7. New materials for PSC fabrication: efficient nanocrystalline photoelectrodes

In PSCs, the photoelectrode plays a key role of the electron transport layer, which transfers charge carriers gener-
ated by a perovskite layer, absorbing photons, to the back contact of the device. To be effective, the electron transport
layer should minimize the recombination processes at the perovskite/electrode interface. While a number of different
metal oxides have been examined to find a proper electron transport material for this purpose the best performance
was reached using a conventional TiO2 layer [66, 67]. A sufficient increase of electron transport parameters in TiO2

mesoscopic electrodes can be gained by niobium doping that was first used in Nb-doped TiO2 photoelectrodes for
DSCs [68–70]. It was shown that with the increase of Nb concentration from 0 to 3 mol.% the conductivity of a
nanocrystalline layered TiO2 photoelectrode was also increased [69, 71]. Later,a similar behavior was observed in
PSCs where the use of a TiO2 layer doped with Nb content of 2.7 mol.%, which resulted in 19 % improvement of a
power conversion efficiency [72,73]. The transmittance spectra in Nb-doped TiO2 photoelectrodes presented in Fig. 6
have shown a blue shift, which was increased with doping concentration. Thus, the TiO2 band gap increases with
doping from 3.0 eV in the undoped sample to 3.2 eV in 2.7 mol.% Nb doped TiO2.

FIG. 6. Optical transmittance of Nb-doped TiO2 layers with varied Nb content [72]

The new trend of the last few years is the application of very wide-band gap oxides, such as ZrO2, with Eg ∼
6 eV [74]. Nanostructured layers based on a very large band gap metal oxides provide effective electron transfer,
even when the electron density in the conduction band remains negligible [75]. The effective electron conduction
through the nanostructured ZrO2 observed was explained on the basis of the hopping conduction mechanism through
localized states within forbidden zone of ZrO2 [74, 75]. Fig. 7 shows schematic energy band diagrams demonstrating
the energy band structure for PSCs based on a ZrO2 photoelectrode (Fig. 7a) and on traditional TiO2 photoelectrode
(Fig. 7b). The band diagram in Fig. 7a demonstrates that the conduction band edge of perovskite has the energy
above the conduction band edge of TiO2 photoelectrode that enables a classic photoexcited electron transfer from the
conduction band of perovskite layer to the conduction band of a TiO2 photoelectrode [76].

In order to change the optoelectronic characteristics of a ZrO2 it can be doped with yttrium oxide (Y2O3), which
peermits a more suitable design for the photoelectrode based on ZrO2–Y2O3 nanostructured material [77]. Doping
with rare-earth metals was shown to improve the transport characteristics of the photoelectrodes and increased the
efficiency of the PSCs. It was recently reported the construction and investigation of PSCs with a device architecture
of glass/FTO/ZrO2–Y2O3/CH3NH3PbI3/spiro-MeOTAD/Au, in which the doping content of Y2O3 in ZrO2–Y2O3

was varied from 0 to 10 mol.% [76].
Figure 8 demonstrates a comparative view of diffuse reflection spectra (R) for undoped ZrO2 and for ZrO2–

Y2O3 powders where the Y2O3 content varies from 3 to 10 mol.%. The Eg values for ZrO2 and ZrO2–Y2O3 system
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FIG. 7. Schematic energy band diagrams for PSCs based on ZrO2 (a) and TiO2 photoelectrodes (b) [76]

were obtained from the linear extrapolation of (αhν)2 which revealed that the increase of doping concentration also
increases the Eg value from 5.74 eV in ZrO2 to 5.63 eV in ZrO2–Y2O3 (3 %) [76].

FIG. 8. Diffuse reflectance spectra for the powders of undoped ZrO2 and ZrO2–Y2O3 system [76]

Figure 9 presents I–V characteristics, recorded for PSCs under standard illumination conditions AM1.5 G. A
comparison between the efficiencies of the PSCs fabricated with pristine and Y2O3-doped ZrO2 photoelectrodes
clearly shows the advantages of the dopped systems which sufficiently increases the short circuit currents and fill
factors of PSCs, thus increasing the power conversion efficiencies.

FIG. 9. J–V characteristics of the PSCs based on ZrO2–Y2O3 photoelectrodes [76]
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8. High efficiency tandem PSC/c-Si solar cells

Initially, tandem configurations with transparent top cells were successfully applied for the design of tandem
DSC/c-Si solar cells [79] and tandem DSC/PSC solar cells [78, 79]. However, in the meantime the most promising
design comprise the combination of perovskite and silicon solar cells [81]. Tandem perovskite-silicon solar cell with
the optimized design of the perovskite top cell and c-Si bottom cell reached certified efficiencies of 26.7 % [24]. Very
recently Oxford PV declared 28.0 % efficiency tandem perovskite-silicon solar cell while Helmholtz-Zentrum Berlin
(HZB) announced a certified efficiency of 29.15 %. However, in both cases no scientific publications appeared to-date.

Here, we focus on the structural adjustment of the top cell based on the structural evolution of perovskite/silicon
tandem solar cells to improve their performance [81, 82]. To date, c-Si-based SCs under AM1.5G lighting conditions
have demonstrated an efficiency greater than 25 %, but it is already approaching their practical limit. Further increase
in the efficiency of c-Si cells is possible in case of integrating into the tandem structures. For the construction of a
tandem system, in which a solid c-Si solar cell is used as bottom element, we need partially transparent SC as a top
device, through which with minimal losses passes a certain part of the solar spectrum, corresponding to the of optical
absorption characteristics of the bottom cell.

Extensive possibilities for the design of tandem cells are associated with the recent appearance of effective thin-
film transparent cells based on organic materials, DSCs and PSCs. PSCs opened a new promising research area,
focused on the development and study of different configurations for tandem structures on their basis. The best
results to-date are obtained using so-called 4T-configuration in the four-terminal tandem perovskite-silicon solar cell
PSC/c-Si [24]. Fig. 10 demonstrates the difference between the two-terminal and four-terminal configurations used
for construction of tandem perovskite-silicon solar cells.

FIG. 10. Monolithic two-terminal (a) and four-terminal (b) tandem perovskite-silicon solar cells

While PSCs show the efficiencies exceeding 20 %, the combination of the overlapping optical absorption areas
for PSC and c-Si elements, which possess, respectively, a width of 1.6 eV (PSC) and 1.1 eV (c-Si) opens a possibility
of obtaining in this configuration the efficiency of tandem PSC/c-Si cells exceeding 30 % [82]. A number of papers
describe the effective PSC/c-Si tandem solar cells. The design of such a tandem may use one of two possibilities. The
first one can concerns the design of monolithic SC based on the so-called two-terminal tandem solar cell, where the
top PSC is formed directly on the surface of the bottom c-Si SC, and its top electrical contact serves as both a bottom
contact for the whole device (Fig. 10b) [36, 37]. In this configuration, the electrodes of both tandem elements are
sequentially connected [81].

The monolithic two-terminal tandem cell has certain advantages, as it has only two output electrodes. However,
from our point of view, the monolithic system possesses one fundamental flaw inherent in its scheme. When con-
structing any type of monolithic two-electrode tandem SC, either with a parallel or with a series connection of the
individual elements, the main technical problem is to adjust their output electrical parameters (either by voltage or by
current), which should provide the optimal parameters of I–V characteristics of the device to achieve the maximum
efficiency under AM1.5G. However, with decreasing the illumination levels the efficiency of a two-terminal device
may drop due to the disproportionate deviation of the parameters for each cell.

These problems can be solved be using the so-called four-terminal solar cell, in which the two elements are com-
bined not electrically, but “mechanically stacked”, i.e. have a common optical circuit, while their electrical contacts
are not connected to each other [83]. It is implied that the electrical power is generated by the top and bottom elements
independently. The generated power is then transferred to the electronically controlled device, the task of which is to
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adjust their output parameters (Fig. 10a). The power consumed by such an electronic converter is negligible and will
not result neither in the power losses nor in the efficiency of the entire solar cell system.

9. Conclusion

In this review, we focused on the latest achievements in the construction of the efficient PSCs and described new
trends in perovskite solar photovoltaics, including the development of high-performance perovskite-silicon tandem
solar cells, inorganic PSCs with stabilized efficiency and a new generation of PSCs for low lighting conditions that
opens great possibilities for indoor applications. Special attention was paid to the development of new types of efficient
photoelectrodes for PSCs based on very large band gap metal oxides.
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