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Perovskite-based solar cells have attracted great attention due to their low cost and high 

photovoltaic (PV) performance. In addition to their success in the PV sector, there has been 

growing interest in employing perovskites in energy-efficient smart windows and other 

building technologies owing to their large absorption coefficient and color tunability. The 

major challenge lies in integrating perovskite materials into windows and building facades 

and combining them with added functionalities while maintaining their remarkable power 

conversion efficiencies. This Progress Report highlights advances that have been made in the 

application of perovskites to building-integrated photovoltaics (BIPVs) in four areas: 

semitransparent windows, colorful wall facades, electrochromic windows, and thermochromic 

windows. In addition, the opportunities and challenges of this cutting-edge research area and 

important roadmaps for the future use of perovskites in BIPVs are discussed. 

 

1. Introduction 

Perovskites are excellent solar harvesting materials and have gained a great deal of attention 

from the photovoltaic (PV) community over the past ten years.[1] In 2009, Miyasaka and his 

colleagues first reported on organic–inorganic lead halide perovskite semiconductors as active 

light absorbers in solar cells.[2] In this pioneering work, the best performing device delivered a 

power conversion efficiency (PCE) of 3.8% and was stable for only a few minutes. Despite 
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this, several research groups in the PV field have paid further attention to the development of 

perovskite-based solar cells.[3-5] Researchers found that perovskite light absorbers exhibit 

promising photovoltaic properties, such as tunable bandgaps, high absorption coefficients, 

high charge carrier mobility, and long charge diffusion lengths.[6-8] In mid-2012, a 

collaborative publication by Grätzel and Park reported solid-state perovskite PV devices with 

a PCE of 9.7%.[9] Later in the same year, Snaith and co-workers demonstrated that perovskites 

are not only efficient light absorbers, but also facilitate the transport of photogenerated 

charges to electrodes, obtaining 10.9% efficiency.[10] This was the pivotal moment when 

perovskite solar cells (PSCs) became the front runner among emerging PVs, and the field has 

advanced dramatically ever since. PV devices made from perovskite materials can now 

produce PCEs comparable to those of silicon solar cells (both converting ⁓25% of solar 

energy into electricity).[11] 

In addition to traditional roof-top solar panels, building-integrated photovoltaics (BIPVs) have 

been recognized as a pivotal technology that enables the innovative utilization of renewable 

solar energy on other building areas, such as windows and exterior walls.[12] This allows for a 

large surface area of the building to be used for solar harvesting.[13] To this end, perovskite 

materials are highly promising because of their low production cost, facile processability, and 

color tunability.[14] For instance, high-efficiency PSCs (⁓20%) can now be fabricated in the 

form of thin flexible films,[15] which are very promising for the effective utilization of 

building rooftops (Figure 1). Furthermore, a wide range of added functionalities, such as light 

and heat modulation, will allow for high overall energy-saving efficiency. 

 Perovskite-based BIPVs have undergone considerable development over the past few years 

and can be categorized according to their functionalities. The most widely explored type is the 

semitransparent perovskite solar cell (ST PSC), which can be directly applied to building 

facades, windows, and glass roofs for solar harvesting.[16] Major advancements have been 

made in the development of these PSCs, and there are several reviews providing a broad 
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perspective of this field.[16-19] A more recent review, highlighting the current advances, was 

conducted by Shi et al.[20] Colorful PSCs are an attractive type of BIPV that show promising 

applicability to building walls, fences, and parking roofs.[21] A more challenging type of BIPV 

combines the solar harvesting function with an electrochromic layer, forming dual-function 

photovoltachromic cells (PVCCs).[22-27] The same combination can be used for 

thermochromic and light-harvesting materials to yield a thermochromic solar cell.[28-31] The 

main motivation for these dual-functional BIPVs is to create smart windows that can help to 

cool buildings by shading out sunlight and harvesting it to generate electricity in the hot 

summer sun.[32] 

 

 
Figure 1. The wide applicability of perovskite-based BIPVs. Note: while the most effective 

uses of each type of solar cell are suggested, there are many other applications. For instance, 

ST PSCs can be applied on facades, windows, and glass roofs, while colorful solar cells can 

also be installed on walls, windows, and roofs. Electrochromic and thermochromic solar cells 

are suitable for windows, facades, and parking roofs. The building architecture was 

reproduced from ref. [33]. ST PSC was reproduced with permission.[34] Copyright 2016, 

WILEY‐VCH. Colorful PSCs were obtained with permission.[21] Copyright 2019, American 

Chemical Society. The flexible PSC was reproduced with permission.[35] Copyright 2018, 

American Chemical Society. Electrochromic solar cells were reproduced with permission.[23] 

Copyright 2019, WILEY‐VCH. 
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In this progress report, we first highlight the recent advancements in ST PSCs and colorful 

PSCs, and then examine the notable achievements made with perovskite-based PVCCs and 

thermochromic solar cells (see Figure 1). Although excellent progress has been made within a 

short period of time, research into perovskite-based BIPVs is still in its early stages. Hence, 

this Progress Report will offer critical roadmaps for future developments of perovskite-based 

BIPVs to eventualize their large-scale commercialization. 

 

2. Semitransparent PSCs 

Semitransparent photovoltaic (ST PV) cells have received significant attention for integration 

into buildings. Unlike silicon solar cells, which are mostly limited to rooftop or field 

applications, ST PV cells are suitable for windows and glass roofs. The incident heat gain into 

buildings can be reduced by partially blocking (or absorbing) sunlight with ST PV windows, 

and using it to generate electricity.[20] An ideal ST solar cell for integration into buildings 

should exhibit high PV efficiency and excellent optical properties such as high average visible 

transmittance (AVT), color rendering index (CRI), and average near-infrared (NIR) 

transmittance.[17] However, there is a significant trade-off between PCE and transmittance in 

ST solar cells. Owing to their large absorption coefficient and tunable bandgap, perovskite-

based devices have shown great promise as ST solar cells for BIPVs.[16, 17, 20] Recently, Shi et 

al.[20] summarized the advancements in the fabrication of ST PSCs. In this section, after 

providing a brief overview of ST PSCs, we discuss their critical integration into building 

applications. 

 High-efficiency PSCs strongly rely on uniform, pinhole-free perovskite films with 

thicknesses ranging from 300 to 400 nm (in order to make the films opaque).[36-38] Therefore, 

a simple strategy to increase the light transmittance of devices is to reduce the thickness of the 

perovskite layer.[34, 39-41] For instance, Carmona et al. fabricated inverted PSCs with 

perovskite thicknesses of 180 nm and 100 nm, and obtained PCEs of 7.3% and 6.4% with 
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AVTs of 22% and 29%, respectively.[39] Subsequently, Qi’s group reported 

CH3NH3PbI3−xClx-based n-i-p structured PSCs and achieved an efficiency of 9.9% using a 

device with a 135 nm perovskite film.[40] Furthermore, by using a 180-nm-thick perovskite 

film, an inverted device (ST PSC) with an AVT of approximately 25% delivered a PCE of 

more than 10%.[42] This ST PSC was assembled on a highly transparent CuSCN-coated 

indium-doped tin oxide (ITO) glass substrate. The optical transparency of the thin CuSCN 

film was over 90% in the wavelength range of 350 – 1100 nm. 

In general, neutral-colored ST solar cells are appealing for window applications, but the 

perovskite films are typically reddish brown or dark brown.[16] Snaith’s group demonstrated a 

de-wetting strategy to prepare island‐structured perovskite with incomplete coverage, to 

obtain a neutral-colored perovskite film.[43] The film transmittance was adjusted by changing 

the coverage of the perovskite. The fabricated ST PSCs, with a thin gold electrode (10 nm), 

displayed PCEs of 8–3.5% at AVTs of 7–30%. The same authors also demonstrated a neutral-

colored, microstructured formamidinium lead iodide (FAPbI3) perovskite-based ST‐PSC that 

used a transparent conductive electrode based on a novel nickel mesh.[44] The ST PSC device 

showed a promising PCE of 5.2% at an AVT of 28%. 

In this class of PSCs, one critical issue is the direct contact of electron- and hole-transporting 

layers in the perovskite‐free region (Figure 2a), resulting in poor PCEs. Hörantner et al.[45] 

attempted to address this issue by applying a shunt‐blocking layer (alkyl–siloxane) to the 

uncovered surface of the electron-collecting layer. This transparent, insulating molecular layer 

was found to be effective in reducing the charge recombination rates. As a result, a PCE of 

6.1% was obtained for a neutral-colored ST PSC with 38% AVT. A polystyrene insulator was 

also used as a passivation layer to increase the shunt resistance of perovskite islands based on 

ST solar cells (Figure 2b and 2c).[46] 
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Figure 2. (a) Cross-sectional scanning electron microscopy (SEM) image of an ST PSC 

prepared using a de-wetting strategy. Reproduced with permission.[43] Copyright 2014, 

American Chemical Society. (b) Top-view SEM images of MAPbI3 islands/TiO2/FTO 

substrates (b) with and (c) without a polystyrene passivation layer. Reproduced with 

permission.[46] Copyright 2016, The Royal Society of Chemistry. SEM images (with magnified 

insets, scale bar 1 μm) showing (d) a typical highly ordered monolayer of 1 μm diameter 

polystyrene microspheres, (e) cured TiO2, and (f) SiO2 honeycomb structure. Reproduced with 

permission.[47] Copyright 2015, The Royal Society of Chemistry. 

 

In addition, controlling the microstructure of perovskite is a promising method for realizing 

ST PSCs.[48] For example, Snaith’s group controlled the domain size and microstructure of the 

perovskite by guiding crystal growth using a highly ordered metal oxide honeycomb structure 
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(Figure 2d-f).[47] The perovskite fills the holes of the honeycomb, where the honeycomb 

region is transparent. ST PSCs fabricated using such structures achieved a PCE of up to 9.5% 

with an AVT of approximately 37%. In another example, Moon et al.[49] prepared parallel 

aluminum oxide nanopillars as a scaffold layer to obtain nanostructured perovskites for ST 

PSC fabrication (Figure 3a). The transmittance of the device was controlled by the thickness 

of the perovskite layer (Figure 3a). A PCE of 9.6% with an AVT of 33.4% was achieved for 

the optimized device. Since structural control over perovskite layers is a promising strategy 

for ST PSCs, more attention should be paid to the development of a novel design for 

perovskite growth. Some well-established methods for accurately controlling the perovskite 

growth, such as etching and effective deposition, should be explored for the fabrication of ST 

PSCs. 

A typical PSC is fabricated with a metal electrode on the surface that is made from gold (Au) 

or silver (Ag) and serves as a current collector. However, a thick opaque metal layer is 

undesirable for ST PSCs. Carmona et al.[39] reported that a 100 nm layer of LiF could serve as 

a capping layer on an ultrathin (only 6 mm) Au electrode. The use of LiF not only improved 

the efficiency of the ST PSCs, but also enhanced the device transparency (Figure 3b). Gaspera 

et al.[50] designed a multilayered dielectric–metal–dielectric (DMD) (MoO3–Au–MoO3) 

electrode for PSCs using thermal evaporation. A DMD electrode with 5 nm of MoO3 on the 

bottom, 10 nm of Au in the middle, and 35 nm of MoO3 on top, resulted in the highest PCE of 

13.6%, but the corresponding AVT was only 7%. 

Transparent conductive electrodes (TCEs), based on nanocarbons such as carbon nanotubes 

(CNTs) and graphene, are promising candidates for ST PSCs owing to their high conductivity 

and suitable energy band alignment.[41, 51, 52] You et al.[41] fabricated ST PSCs by laminating 

stacked multilayer graphene as the transparent top electrode. They prepared highly conductive 

graphene electrode with a poly(3,4‐ethylenedioxythiophene): poly(styrenesulfonate) 

(PEDOT:PSS) film. The fabricated devices showed maximum PCEs of 12.02% and 11.65% 
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when illuminated from the fluorine-doped tin oxide (FTO) and graphene sides, respectively. 

ST PSCs with a transmittance of approximately 50% at 700 nm showed an average PCE of 

5.98% and 5.70%, from the FTO and graphene sides, respectively. The application of 

graphene in PSCs not only reduces the manufacturing cost, but also significantly improves the 

cell stability owing to its hydrophobic nature.[53] Very recently, Zhang et al.[54] reported an 

innovative strategy to construct PSCs using graphene-coated FTO electrodes as cathodes, 

where the light transmittance of the spray-coated graphene film was around 30% at a 

wavelength of 550 nm (Figure 3d). A modular PSC, fabricated using this graphene electrode, 

exhibited a high PCE of 18.65% when illuminated from the anode side, and 6.33% when 

illuminated from the graphene cathode side (Figure 3d). Moreover, the device was stable for 

at least 6000 h in ambient air storage. This suggests that high-efficiency ST PSCs with 

excellent AVT can be fabricated using the method reported in this work. Future studies should 

focus on increasing the transparency of graphene films while maintaining high conductivity, 

which will allow for the fabrication of high-efficiency ST PSCs without metal electrodes. 

In addition to CNTs and graphene, two-dimensional (2D) MXene (Ti3C2Tx) was recently 

found to be a promising candidate for hole-transporting-material (HTM)-free and noble-

metal-free PSCs.[55] Other studies have also demonstrated that 2D MXene nanosheets show 

excellent electrical conductivity and high optical transparency.[56, 57] Therefore, it is 

reasonable to expect that highly efficient and stable ST PSCs can be created by employing a 

thin 2D MXene film as the top electrode. The use of functionalized MXene nanosheets for 

PSCs is also an important research direction. 
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Figure 3. (a) Schematic illustration of spin‐infiltrated perovskite layers, in anodic aluminum 

oxide (AAO) templates, with different thicknesses and the corresponding perovskite films. 

Reproduced with permission.[49] Copyright 2016, WILEY‐VCH. (b) Schematic showing an 

inverted PSC fabricated with a LiF capping layer. Reproduced with permission.[39] Copyright 

2014, The Royal Society of Chemistry. (c) Cross-sectional SEM image of a full device 

fabricated with a dielectric–metal–dielectric (DMD) (MoO3–Au–MoO3) multilayered top 

electrode. Reproduced with permission.[50] Copyright 2015, Elsevier. (d) Spray-coated 

graphene film on FTO substrate. J–V characteristics of modular PSC fabricated using spray-

coated graphene film. Reproduced with permission.[54] Copyright 2019, The Royal Society of 

Chemistry. 

 

Although great developments in the fabrication of ST PSCs have been achieved over the past 

few years, practical integration of these PV cells into building applications remains a 
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challenge. Integrating ST PSCs into buildings is advantageous only if the energy benefits of 

BIPVs outweigh the costs. Cannavale et al.[58] estimated the annual energy production and 

visual comfort benefits of ST perovskite PV windows with a PCE of 6.64% and an AVT of 

42.4%. The effects of different climate conditions and two window-to-wall ratios (19% and 

32%) for office buildings were taken into consideration. The authors found that the annual 

energy production of such PV windows could be higher than the amount of electric energy 

used for artificial lighting in most cases. 

In general, an AVT of 25% is considered a benchmark for solar windows. However, it will be 

difficult to produce a large amount of current if a quarter of the light is transmitted through 

the window. It should be noted that PV efficiency depends on two important factors: current 

and voltage. Therefore, one way to achieve high-efficiency ST PSCs is to improve the cell 

voltage to compensate for the lower cell current. In this regard, compositional engineering of 

perovskite materials is an effective way of adjusting the band energy of perovskite.[59] 

Furthermore, toxicity and stability are the major hurdles to successful integration of ST PSCs 

into buildings. A common concern is the inclusion of lead (Pb) as a component of perovskite 

materials. Substituting Pb with other non-toxic materials, such as tin (Sn), antimony (Sb), and 

bismuth (Bi), has shown promise, but reduces efficiency. Therefore, it is important to explore 

other ways to enhance the PV performance of lead-free PSCs. More importantly, 

encapsulation techniques should be pursued, to improve the long-term stability and address 

the potential issues associated with the toxicity of lead-based ST PSCs. 

It is worth noting that excellent progress has been made in enhancing the PV efficiencies of 

ST PSCs. These highly efficient ST PSCs, however, have so far used only small, prototype-

scale cells. For the commercialization of ST PSCs as solar windows, highly efficient 

transparent cells with typical window dimensions will be required. 
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3. Colorful PSCs 

Colorful PSCs are desirable for BIPVs and other applications where aesthetics are important. 

The color of a perovskite film is strongly dependent on its light absorption spectrum and 

bandgap.[60] The bandgap of a perovskite can be tuned by adjusting the elemental 

components.[20, 61] A digital photo of the most commonly used lead-halogen perovskites is 

presented in Figure 4a. Noh et al.[60] were the first to report on the chemical management of 

MAPb(I1-xBrx)3 perovskites for colorful PSCs. The authors successfully tuned the onset 

absorption band of the perovskites from 786 nm (1.58 eV) to 544 nm (2.28 eV) by tuning the 

Br content (Figure 4b). By optimizing the amount of Br in the perovskite, the best-performing 

colorful PSC delivered a PCE of 12.3%, which was an impressive performance for a device in 

2013. Furthermore, Zhang et al.[62] used a porous photonic crystal scaffold within the light-

harvesting layer of an opaque PSC. The fabricated PSCs showed tunable colors across the 

visible spectrum and achieved an efficiency of up to 8.8% with a blue hue. A simple doctor-

blade coating method was used by Huang's group to prepare vividly colored perovskite films 

(Figure 4c).[63] Spontaneous formation of the photonic structures in these perovskite films was 

readily scalable for the fabrication of colorful PSCs with large areas (Figure 4d). 

 In addition to the chemical management of perovskite precursors, optical configurations have 

been designed to adjust the color of PSCs without changing the inherent properties of 

perovskite films. This strategy was developed by Lee et al.[64] who used a dielectric film to 

separate two optically thin metallic layers, forming a metal/dielectric/metal (MDM) 

microcavity electrode. Promisingly, by simply changing the thickness of the dielectric layer, 

they could tune the resonance transmission of a specific wavelength of visible light (e.g., 

transmitting red, green, and blue colors). However, the highest efficiency of the ST PSC 

fabricated with this configuration (with an Ag/WO3/Ag electrode) was only 3.86%, with a red 

device. Similarly, Lu et al.[65] designed Ag/ITO/Ag microcavity electrodes for the fabrication 

of colorful ST PSCs. Upon varying the thickness of the top ITO layer, the device color could 
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be tuned from reddish-orange to blue. The highest PCE (7.6%) was obtained using a bluish‐

green ST PSC. 

 

 
Figure 4. (a) Photograph of the commonly used perovskite absorber-based PSCs with Spiro-

OMeTAD as an HTM and Au electrode. Reproduced with permission.[61] Copyright 2016, The 

Royal Society of Chemistry. (b) UV-vis absorption spectra of FTO/bl-TiO2/mp-

TiO2/MAPb(I1−xBrx)3/Au cells measured using an integral sphere. Reproduced with 

permission.[60] Copyright 2013, American Chemical Society. (c) Photograph of the as-prepared 

colorful perovskite film and (d) the corresponding PSC with an aluminum electrode on top. 

Reproduced with permission.[63] Copyright 2015, The Royal Society of Chemistry. (e) 

Photograph of microcavity‐based colorful ST PSCs. Reproduced with permission.[65] Copyright 

2016, American Chemical Society. (f) Schematic diagram of the structure formed through 

nonperiodic stacking of high-refractive-index (TiO2) and low-refractive-index (SiO2) layers. 

(g) J–V curves of the PSCs with red, green, and blue colors obtained with the structure described 

in (f). Reproduced with permission.[21] Copyright 2016, American Chemical Society. 
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Quiroz et al.[66] combined ST PSCs with dielectric mirrors, which are made of alternating 

layers with a high refractive index and a low refractive index. By using this strategy, any 

desired device color could be achieved while the dielectric mirrors were also able to enhance 

the light harvesting efficiencies of the devices. A PCE of 4.2% was obtained for the colored 

ST PSC with 31.4% transmittance. Furthermore, colorful ST PSCs were prepared using 

simple spin-coating of different color pigments onto typical PSC devices.[34] The authors first 

fabricated a CH3NH3PbI3-xClx perovskite-based ST PSC with a PCE of 5.36% at an AVT 

value of 34%. Subsequently, pigments of different colors (green, yellow, and red) were 

diluted with propylene glycol 1‐monomethyl ether 2‐acetate, and the solution was gently spin-

coated onto the Au surface. 

In the same year (2016), a group of researchers led by Zhou used a transparent conducting 

polymer (PEDOT:PSS) as a top electrode, as well as a spectrally selective antireflection 

coating, to fabricate colorful PSCs.[67] The color of the PSCs could be tuned across the visible 

spectrum by engineering optical interference effects among the transparent PEDOT:PSS 

electrode, the hole-transporting layer, and the perovskite layer. When illuminated from the 

FTO side, the colorful PSCs, with PEDOT:PSS thicknesses of 75, 95, 105, and 160 nm, 

displayed PCEs in the range of 15–16%, while their AVT values were approximately 10%.[67] 

This simple approach provides an efficient method for obtaining high-efficiency colorful 

PSCs. 

Very recently, highly efficient colorful (red, green, blue) PSCs were fabricated by Yoo et 

al.[21] who prepared narrow-band-width reflective filters (NBRFs) by stacking many 

alternating layers of high-index TiO2 and low-index SiO2 in a nonperiodic manner. By 

exploiting the optical properties of these multilayered NBRFs, PSCs with red, green, and blue 

colors exhibited PCEs of 18%, 18.6%, and 18.9%, respectively, while the black control PSC 

had an efficiency of 20.1%. Moreover, these colorful PSCs showed excellent photostability 

when compared to the control device, due to the TiO2 layers blocking UV light. This study 
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reported PSCs with a combination of aesthetic color value, high PCE, and enhanced 

photostability, all of which suggest their great potential for use in power generation on 

building exteriors. Based on the high efficiencies obtained by Yoo et al.[21] colorful PSCs with 

PCEs of over 20% can be expected in the near future. Future studies should also focus on 

improving the AVT of such high-efficiency, colorful PSCs. Moreover, the use of transparent 

conducting surface electrodes such as PEDOT:PSS, graphene, and CNTs in this class of solar 

cell is expected to bring significant development to colored ST PSCs. 

 

4. Perovskite Photovoltachromic Windows 

Residential and commercial buildings account for a considerable fraction of the energy used 

for heating, ventilation, and air conditioning (HVAC), but nearly 50% of that energy is 

generally wasted due to unwanted heat exchange through conventional windows.[68, 69] Smart 

windows are regarded as an efficient and promising green technology because they not only 

reduce cooling/heating costs and ventilation loads, but also improve privacy protections.[70, 71] 

Smart windows are made from electrochromic, photochromic, and thermochromic glasses that 

can adjust their optical transmission properties in response to an external stimuli (e.g. voltage, 

light, or heat).[72] As a type of smart PV window (SPW), PVCCs have gained much attention 

owing to their ability to integrate power (electricity) generation, energy saving, and privacy 

protection into a single device.[73, 74] 

PVCCs combine PV devices and electrochromic functions to control reversible redox 

switching between the bleached and colored states.[75] In PVCCs, PV cells provide an 

electrical supply to drive the coloration. An ideal electrochromic material should provide high 

optical contrast, fast switching kinetics, and high coloration efficiency, while the PV device 

should exhibit a high PCE.  
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Figure 5. (a) Schematic illustration of the PSC-based PVCC device. (b) Pictures of the first 

PVCC device under (b) bleached and (c) colored conditions. (d) Color coordinates of the 

PVCCs under AM1.5 illumination, plotted on the CIE xy 1931 chromaticity diagram, and the 

enlarged central region. For comparison, color coordinates of the D65 standard daylight and 

AM1.5 illumination are also displayed. Sample A: the PVCC device with high AVT; Sample 

B: the device with low AVT. Reproduced with permission.[22] Copyright 2015, The Royal 

Society of Chemistry. 

 

As the next generation of PVs, PSCs have recently been demonstrated as promising devices 

for PVCCs, due to their high efficiency and excellent transparency. Cannavale et al.[22] 

conducted the first study employing a PSC as the power supply of a PVCC whereby a PV 

device and electrochromic layers were deposited on two separated glass sheets (Figure 5a). 

Without any additional external bias, the device changed color from neutral ST (15.9% AVT) 
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to a dark blue tint (5.5% AVT) when illuminated (Figure 5b and 5c), and exhibited a 

maximum PCE of 5.5% in the colored state. Figure 5d depicts the color coordinates of the 

transmission through the whole active region of two devices in both bleached and colored 

states, in comparison to the reference daylight illuminant D65 and the AM1.5 spectrum. The 

PVCCs fabricated by Cannavale et al.[22] were found to have good color-neutrality in the 

bleached state, which was close to the AM1.5 spectrum, making PSC-based PVCCs 

promising candidates for building integration. This pioneering work has led to the recent 

focusing of effort on the development of perovskite-based PVCCs. 

In conventional PVCCs, the electrical power produced from the PV cells is only used to alter 

the optical transmittance of the chromogenic electrodes.[22, 75, 76] Therefore, the devices are not 

able to store harvested solar energy. In this regard, integrating PV cells with both energy 

storage devices and electrochromic layers would result in sustainable green technology that 

can generate and store power, while automatically tuning the optical transmittance. In 2016, 

Zhou et al.[26] integrated an ST PSC and electrochromic WO3 supercapacitor into a 

photovoltachromic supercapacitor (PVCS). The fabricated PVCS showed excellent 

integration of an energy production and storage device, automatic color tunability, and 

enhanced photostability of PSCs. The top Au electrode of a typical PSC (with 16.4% 

efficiency) was replaced with a stacked transparent structure of spiro-OMeTAD/Au/MoO3 (15 

nm/12 nm/20 nm). This device exhibited an impressive AVT of 70.6% and decent PCEs of 

12.54% and 9.35%, when illuminated from the FTO side and MoO3/Au/MoO3 side, 

respectively. The measured energy density, power density and areal capacitance of the co-

anode and co-cathode PVCS were 13.4 and 24.5 mWh/m2, 187.6 and 377.0 mW/m2, and 

286.8 and 430.7 F/m2, respectively. Importantly, the electrochromic shelter of the PSC could 

change color from ST to dark-blue, with AVT reduction from 85% (76.2%) to 35.1% (23.0%) 

for the co-anode (co-cathode) PVCS.[26] 
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Another example of integrating PSCs with energy storage devices for smart windows was 

reported by Xia et al. who constructed a novel type of electrochromic battery powered by 

PSCs.[25] In this work, an HTM-free PSC, with a porous carbon electrode and a highly stable 

PCE of 11.9%, was fabricated using a low-cost and simple process. The electrochromic 

batteries were made of reduced graphene (rGO) coupled with a bilayer NiO nanoflake array 

cathode and a WO3 nanowire array anode. The fabricated device showed relatively fast (2.5–

2.6 s) and wide optical modulation of up to 62% in the NIR range. Moreover, the 

electrochromic battery constructed in this work exhibited a capacity of 75 mA h g-1 at 1 A g-1 

with good cycling life. This class of PV-integrated electrochromic energy storage system is 

very promising in that it can exhibit a wide range of functionalities, such as solar energy 

harvesting, electrochemical energy storage, and reutilization, in addition to the optical 

transmission. Since the optical performance achieved by the electrochromic layer in this work 

is very promising, future studies should focus on increasing the battery performance by 

employing high-performance cathode materials. 

Over the past half-decade, we have witnessed a significant step forward in PSC-integrated 

SPWs. Despite the remarkable acceleration in this cutting-edge research field, the fabricated 

PVCCs suffer from at least one of the following limitations: low PCE, poor device stability, 

long response time, and poor responsive behavior. Some of these limitations have been 

addressed, but at a cost to the others.[22, 26] Recently, Xia and co-workers made an important 

contribution to the field of SPWs by integrating ST PSCs with multi-responsive liquid 

crystal/polymer composite (LCPC) films.[23] Stimuli-responsive LCPC films were used as an 

inside layer on the device to modulate the optical transparency of the SPWs. The as-prepared 

LCPC films were highly responsive to temperatures (Figure 6a) and external electric fields 

(Figure 6b), with outstanding switchable stability. As an outside layer, ST PSCs with a 

layered structure of FTO/Au-SnO2/(FAPbI3)x(MAPbBr3)1-x/Spiro-OMeTAD/Au were 

fabricated and used. This PV device, with an AVT of slightly higher than 10%, exhibited a 
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PCE of 16.67% which is remarkable efficiency for ST PSCs. When these two systems are 

combined (ST PSC and LCPC), the SPW showed multiple distinct working modes benefiting 

from the multi-responsive behavior of the LCPC layer. In particular, at room temperature, the 

integrated device exhibited a similar transparency state as the ST PSCs, due to high 

transparency of the LCPCs at low temperature. Upon heating to only 40 °C, the device turned 

opaque owing to the strong light-scattering state of the LCPCs. By applying an external 

electric field, the ST PSC/LCPC device can be returned to the ST state, even at 40 °C. All of 

these attractive features of this integrated device are illustrated in Figure 6c. It is very 

promising that this device is highly responsive to different conditions, including low 

temperatures (e.g. 40 °C), which can be achieved on a hot summer day. It can be expected 

that when temperatures reach ~40 °C, this type of SPW will be able to generate high power 

output and become non-transparent. Thus, the opaque color of the windows can be utilized to 

both save energy and protect privacy. Moreover, if preferred, the transparency of the window 

can be manipulated by applying an external electric field. Therefore, these findings reported 

in this exciting work by Xia et al.[23] show great promise for the future development of 

perovskite-based SPWs. However, it should be noted that in their work, the electric field (up 

to 55 V) used to modulate the optical transmittance was externally supplied. As such, 

developing self-powered SPWs with high PV efficiency and excellent degree of color 

tunability is of great value. In addition, research on developing lead-free PSC-based PVCCs 

and SPWs would be of great interest.  
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Figure 6. Transmittances of the LCPC films at 550 nm under repeated (a) heating/cooling (inset 

shows the photographs of LCPC film at these two phases), and (b) electric field on/off process 

(inset shows the photographs of LCPC film under various voltages between 0 and 55 V). (c) 

Photographs of ST PSC-integrated LCPC film with controllable transparency stimulated by 

temperature and electrical field. Reproduced with permission.[23] Copyright 2019, WILEY‐

VCH. 

 

5. Thermochromic Perovskites for SPWs 

Smart solar windows have been around for years. In 2015, PSCs were integrated with 

electrochromic windows (see section 4), forming a new kind of SPW.[22] Perovskites exhibit a 

comprehensive range of fascinating features including tunable color, a high absorption 

coefficient and long charge diffusion length.[3-5] Indeed, in early-2017, Bakr’s group reported 

for the first time that perovskites show outstanding thermochromic properties.[29] The unusual 

crystallization behavior of halide perovskites plays an important role in their thermo-

responsive behavior. The solubility of perovskites decreases as the temperature increases, 

resulting in single-crystal cell nucleation and growth of single perovskite crystals.[14] As the 
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temperature further increases, the band gap shift, and change in optical properties, can be 

observed. 

Bakr et al.[29] prepared an MAPb(I1-xBrx)3 perovskite ink with a dense yellowish color at room 

temperature (25 °C). The perovskite ink was then heated to different temperatures to observe 

its thermochromic variations. The ink color changed to orange upon heating to 60 °C and to 

bright red at 90 °C. Finally, the color of the ink turned to black when the temperature reached 

120 °C. The color changes and the corresponding light absorption spectra of the ink at 

different temperatures are illustrated in Figure 7a-c. In Figure 7c, the absorption red shift 

induced by the temperature increase suggests that perovskite ink is strongly thermochromic. 

The authors also found that this excellent temperature-induced chromatic variation is highly 

reversible in the presence of solvents. Therefore, a prototype thermochromic window was 

fabricated by sealing the perovskite ink inside a glass cuvette (Figure 7d). With a conversion 

time of just a few seconds, the color of the prototype window could be changed by heating it 

to 60 °C. As shown in Figure 7e, the band edge variation of the prototype under consecutive 

cycles suggests that this perovskite-ink window can be reproduced with high fidelity. This 

pioneering work by Bakr's group opened up a new avenue for smart windows that used 

perovskite inks as both the stimuli-responsive thermochromic component and light-harvesting 

material. Notably, the halogens are the main components that determine the crystallization 

temperature of perovskites. Therefore, introducing new halide components would be an 

effective strategy for controlling the thermochromic properties of halide perovskites. 

 



  

21 
 

 
Figure 7. (a) Photograph and (b) schematic illustration of thermochromic perovskite inks at 25, 

60, 90 and 120 °C. (c) Absorption spectra of precipitated solids collected from the perovskite 

inks. (d) Photograph of the prototype thermochromic perovskite-ink window at 25 °C (top) and 

60 °C (bottom) and (e) the corresponding band edge variation. (a-e) Reproduced with 

permission.[29] Copyright 2017, American Chemical Society. (f) Schematic of SPW device 

architecture and its switching process. Reproduced under the terms of the Creative Commons 

CC-BY license.[28] Copyright 2017, Springer Nature. 

 

Indeed, the first advance in combining thermochromic perovskite and light-harvesting 

perovskite into a single SPW was reported by Wheeler et al.[28], who designed a lead-based 

perovskite solar window that can switch from transparent to opaque at 60 °C. They 

demonstrated the formation of a methylammonium lead iodide-methylamine complex 

(CH3NH3PbI3•xCH3NH2) for a switchable PV window that adapts its absorption properties to 

solar conditions without pairing separate electrochromic and PV cells. In this switchable 

SPW, perovskite forms a complex with the xCH3NH2 at cooler temperatures. Upon heating 

(solar photo-thermal heating), the perovskite darkens and absorbs sunlight as the xCH3NH2 

vaporizes away from the CH3NH3PbI3. When the heat dissipates or when the sun goes down 

(cooled down), the xCH3NH2 returns to its complexed bleached state (see Figure 7f). The 

warmed devices achieved solar energy conversion efficiencies of up to 11.3% in the colored 
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state, and high visible light transmittance of 68% in the bleached state. This work potentially 

addresses the fundamental limitation associated with the tradeoff between PCE and 

transparency observed in conventional ST solar windows. Due to its high efficiency and 

excellent optical transmission, this halide-perovskite-based SPW technology may provide 

great opportunities for many advanced applications including building integrations. 

Despite many promises, the SPW designed by Wheeler et al. suffers from a drop in PV 

efficiency after switching only a few times between the bleached and colored states. In early-

2018, Yang’s group created an all-inorganic perovskite-based thermochromic SPW that turns 

opaque and generates power when heated,[30] but without the use of additional components 

such as xCH3NH2. This smart solar window was realized based on the structural phase 

transitions of the inorganic halide perovskite, cesium lead iodide/bromide (CsPbI3-xBrx). 

Reversible transitions between a transparent non-perovskite phase with an AVT of 81.7% and 

a deeply colored perovskite state with 35.4% AVT were controlled by thermal heating 

(105 °C) and moisture exposure. The window exhibited excellent stability under consecutive 

phase transition cycles, without color fading or performance degradation. The fabricated SPW 

achieved a peak PCE of more than 7% using colored perovskite in the low-transparency state, 

whereas the transparent solar cells with a non-perovskite phase had efficiencies of less than 

0.2%. In spite of their fascinating features, thermochromic perovskite-based SPWs still need 

significant development, and efforts should be made with a great sense of urgency. For 

instance, the SPWs designed by Yang’s group still require high temperatures (> 100 °C) to 

switch from the transparent to opaque state. As such, exploring thermochromic perovskites 

that switch colors at low temperature (<50 °C) would be valuable. This will enable SPWs to 

operate themselves by switching to an opaque state while producing electrical power during a 

hot summer. The slow phase transition of the perovskites, especially in moisture, remains an 

issue, and moreover, the maximum efficiency of the SPW fabricated by Yang’s group was 

only ~7%. Clearly, other strategies and designs should be pursued to enhance the PV 
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efficiency of SPWs. Considering the toxicity of lead-based perovskites, designing lead-free 

perovskites that can exhibit high PV efficiency, excellent stability and thermochromic 

behavior is of great importance. Recently, Ning et al.[77] developed thermochromic lead-free 

perovskite (Cs2AgBiBr6) crystals which exhibit excellent reversible thermo-responsive 

properties (see Figure 8). However, the PV properties and performance of this lead-free 

perovskite were not explored. Furthermore, the current thermochromic perovskite windows 

fail to modulate light transmittances in the NIR range. In addition to ITO electrodes, other 

TCEs such as those based on graphene,[78] metal nanowires,[79] and CNTs[80] should be 

employed as efficient top electrodes in perovskite-based SPWs. Nevertheless, future research 

is expected to focus on SPWs, in particularly perovskite-based ones. 

 

 

Figure 8. (a) Molecular structure and (b) packing structure of Pb-free Cs2AgBiBr6 single-

crystal perovskite. (c) Optical images of single Cs2AgBiBr6 crystals and thin films at different 

temperatures during one heating–cooling cycle. Reproduced with permission.[77] Copyright 

2019, WILEY–VCH. 
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Table 1. Summary of advantages, challenges, and possible solutions of perovskite-based 

BIPVs. Detailed roadmaps for their future development of perovskite-based BIPVs are 

provided in the Conclusion section. 

Category Advantages Key 

references 

Challenges Possible solutions 

ST PSCs for 

facades, 

windows, and 

glass roofs 

- Reducing incident heat 

gain 

- Generating power 

(electricity) 

- Various configurations 

[39], [40], 

[41], [42], 

[43], [47] 

- Low visible 

transparency 

- Limited cell 

efficiency 

- Poor stability 

- Using emerging TCEs such 

as graphene and CNTs as the 

top electrode 

- Designing new perovskite 

structures 

- Device encapsulation 

Colorful 

PSCs for 

walls, 

windows, and 

roofs 

- Various colors 

- Generating power 

(electricity) 

- High efficiency 

[21], [34], 

[60], [62], 

[66], [67] 

- Poor PV 

performances for ST 

devices 

- Stability issues 

- Exploring new designs for 

colorful ST PSC devices 

- Reporting stability test of the 

devices 

Dual 

functional 

PVCCs for 

windows, 

facades, and 

parking roofs 

- Energy saving/privacy 

protection  

- Smart windows 

- Generating power 

(electricity) 

- Possible integration of 

energy storage devices 

[22], [23], 

[25], [26] 

- Long stimuli-

response time 

- Limited cell 

efficiency 

- Stability issues 

- Utilizing new electrochromic 

materials 

- Developing highly efficient 

ST PSCs 

- Testing long-term stability 

of the PVCCs 

- Using carbon top electrodes 

and device encapsulation 

Thermo-

chromic solar 

cells for 

windows, 

facades, and 

parking roofs 

- Energy saving 

- Smart windows 

- Simple design 

- Generating power 

(electricity) 

[28], [29], 

[30] 

- Poor cyclability 

and stability 

- Slow stimuli-

response 

- High operation 

temperature 

- Low PV efficiency 

- Exploring components that 

are stable during cycling 

- Designing new perovskite 

structures with high stimuli-

response 

- Developing perovskites that 

can be reversed at low 

temperature 
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6. Conclusion 

Perovskites are promising candidates for BIPVs owing to their tunable bandgap, high 

absorption coefficient, high PV efficiency, and good optical transparency. In particular, 

perovskites play a significant role in the four classes of BIPVs, namely ST PSCs, colorful 

PSCs, PVCCs, and thermochromic perovskite SPWs. In this Progress Report, we have 

summarized the recent advancements and notable achievements in the field of perovskite-

based BIPVs. It is clear that this cutting-edge research field is still in its initial stage, and 

further developments are required. Table 1 summarizes the advantages, challenges, and future 

directions of perovskite-based BIPVs. Therefore, we believe that the following points will be 

of great importance and should be considered carefully in future studies on perovskite-based 

BIPVs. 

(i) Island-structured perovskite films with incomplete coverage, obtained using a de-

wetting method, are an effective strategy for preparing neutral ST PSCs. However, in order to 

prevent direct contact between the electron and hole transporting layers, the use of other 

layers such as the shunt-blocking layer and passivation layer is necessary.[45, 46] Researchers 

should explore the use of other effective layers that not only block shunting between the 

charge transporting layers but also possess extra functionalities, such as light harvesting. 

The structural management of perovskite layers is a promising method of fabricating efficient 

ST PSCs. More attention should be paid to the development of novel structural designs for 

perovskite growth. Considering the simplicity, previously established techniques such as 

etching, texturing, and other effective deposition strategies that can be used to precisely 

control the growth of the perovskite should be explored. 

In general, ST PSCs are fabricated using thin metal (Au or Ag) films with some additions of 

top electrodes. Emerging TCEs such as graphene, CNTs, and Ag nanowires are promising 

candidates for a wide range of PV applications owing to their high electrical conductivity and 

excellent optical properties. For instance, graphene shows much higher transparency in the 
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near-infrared region as compared to ITO and FTO.[81] The conductivity of graphene electrodes 

can be improved using doping techniques. The use of graphene as a top electrode in ST PSCs 

has clear advantages in terms of the manufacturing cost, optical transparency, and long-term 

stability of the devices. As such, future studies should aim to develop high-performance 

BIPVs using emerging TCEs. 

(ii) Colorful PSCs are suitable for use in power-generating building exteriors, such as 

walls and parking roofs, owing to their promising device efficiency and wide selection of 

colors. By using simple spin-coated pigments of the desired colors, highly efficient PSCs can 

be prepared in a range of colors. Furthermore, recent studies have shown that various colored 

PSCs, with PCEs of nearly 20%, can be fabricated using creative designs such as narrow-

bandwidth reflective filters. Although excellent progress has been made, the stability of these 

solar cells remains a significant limitation to future commercialization. Furthermore, while 

optically transparent colorful PSCs are of particular interest for building integration, they 

suffer from low device efficiencies due to their limited light absorption. Optical configuration 

using a microcavity electrode, such as MDM, is a promising strategy for the fabrication of 

colorful ST PSCs, but their current efficiencies are still less than 10%. Therefore, there is a 

need to develop novel cell designs that can be used to fabricate colorful PSCs with remarkable 

efficiencies and high AVTs. 

(iii) Despite the potential promises of PVCCs, reports on PSCs integrated with PVCCs 

are lacking. Although a large variety of electrochromic materials are available, only a few of 

them, such as LCPC and WO3, have been used for PSC-based PVCCs. Exploring the 

suitability of other promising electrochromic materials, including MoO3, TiO2, NbOx, MoS2, 

and MXene, for PVCCs would be of great value. Furthermore, researchers should also focus 

on developing single PVCC devices by attaching PSCs to electrochromic windows. In this 

class of PVCC, the optical transparency of the PSC plays a vital role in window performance. 
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As such, high-efficiency ST PSCs will be required. Future work should also aim to develop 

self-powered SPWs with high PV efficiency, instead of applying an external electric field. 

Integrating PSCs with energy storage devices (batteries) and electrochromic windows is an 

interesting strategy for creating devices with multiple functions, including power generation, 

storage, and optical modulations. However, this class of PV-integrated electrochromic battery 

is currently suffering from low performance. Although some studies on PSC-integrated 

PVCCs tested the cycling stability of the devices, the long-term stabilities of the fabricated 

devices in both ambient environments and operating conditions should be investigated in the 

future. Carbon-based top electrodes are promising candidates for fabricating highly stable 

PSCs. 

(iv) The use of perovskites as both stimuli-responsive (thermochromic) components 

and light-harvesting materials in SPWs is a very recent scientific breakthrough. Although 

several excellent advancements have been made in this cutting-edge research area, 

thermochromic perovskite smart windows still suffer from many issues. One of these issues is 

the rapid decline in efficiency during cycling, mainly due to the unstable perovskite 

component that fails to fully switch between non-crystal and crystal structures. Time delays in 

switching between transparent and opaque states of thermochromic PSCs is another 

considerable drawback. Another significant issue is that currently, thermochromic perovskite 

smart windows require high operational temperatures (more than 100 °C), which are 

impractical. Hence, there is a pressing need to design novel perovskite structures that are 

stable under various experimental conditions and can be operated at low temperatures while 

exhibiting fast stimuli-responsive behavior. The combination of perovskites with other 

efficient thermochromic materials in a single SPW may be an efficient strategy for obtaining 

windows that have both high PV efficiency and excellent thermo-responsiveness. 

Current perovskite-based BIPVs mainly employ lead-based components owing to their 

ability to deliver high PV performances. However, considering their toxicity, it is important to 
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develop lead-free perovskites that can exhibit high PV performance, excellent stability, and 

low costs. As highlighted in Table 1, the long-term stability is one of the main limitations for 

building integration of all categories of perovskite-based devices. Therefore, it is necessary to 

make perovskite devices that are stable under various conditions, particularly in high humidity 

environments with extreme temperature variations. One promising strategy to increase the 

lifetime of perovskite-based devices is through effective encapsulation techniques that can 

successfully protect solar cells from moisture, UV-light degradation, and oxidation. Carbon-

based top electrode materials, such as porous carbon, graphene, CNTs, and MXene and their 

functionalized derivatives, have the potential to not only improve device stability under 

ambient conditions, but can also enhance PV performance. Moreover, developing these 

perovskite-based BIPVs with good flexibility and substrate conformity would create more 

avenues for building integrations. In conclusion, we anticipate that this progress report will 

provide important insights into the future development of perovskite-based BIPVs. 
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The advances being achieved in the perovskite materials based building-integrated 
photovoltaics for four areas of applications, namely semitransparent windows, colorful wall 
facades, electrochromic windows and thermochromic windows, are presented. Critical 
roadmaps on future developments of this cutting-edge research field are provided. 
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