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 Abstract. 

The development of smart windows could enhance the functionality of the large glass facades 

found in modern buildings around the globe. While these facades offer occupants views and natural 

light, the poor insulating qualities of glass cut against the desire for more efficient use of energy 

resources. In this Perspective article, we explore recent developments for next-generation smart 

window technologies that can offer improved energy management through dynamic color 

switching, reducing heating and cooling loads, while also generating electricity through the 

photovoltaic effect. Approaches with chromogenic organic dyes and halide perovskite 

semiconductors have been developed for switchable photovoltaic windows, but each of these 

comes with unique challenges. These approaches are briefly discussed and evaluated with an eye 

to their future prospects. We hope that this Perspective will spur other researchers as they think 

about the various materials and chemical design challenges associated with color switchable 

photovoltaic windows. Perhaps these initial demonstrations and research ideas can then become 
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marketable products that efficiently use space to improve occupant comfort and reduce the energy 

demand of the built environment.  

 INTRODUCTION 

Transitioning from a fossil fuel to a renewable energy global economy requires a dramatic 

reimagining of how we generate, use, and conserve energy. One key aspect of this transition is 

reducing energy losses through improved efficiency in the built environment. The 

Intergovernmental Panel on Climate Change estimates that improved energy efficiency technology 

and practices have the potential to mitigate approximately 42% of building emissions by 2050.1 

Moreover, improved efficiency means reduced material, capital, and land use for renewable 

infrastructure, and, given the supply and implementation constraints of renewables globally, a 

faster and smoother energy transition. 

Buildings accounted for 31% of total global energy demand in 2019 and offer potential for large 

reductions in energy use through improved design.1–3 Work toward this end will grow in impact 

as the world continues to urbanize. Heat loss through windows in particular is a large source of 

Figure 1. Share of total global energy demand accounted for by building energy demand is 

shown as a pie chart. Different aspects of building energy demand are shown by the relative 

height of the cartoon buildings. This is compared to the height of the cartoon airplane which 

represents the share of global energy demand from the aviation industry. 
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energy loss. Cooling and heating of buildings accounts for approximately 40%1 of their total 

energy demand, and of this, 25-30% is heat loss/gain through windows.1 In sum, heat loss through 

windows represents something like 3-4% of total global energy demand (Figure 1). For 

perspective, the global aviation industry accounts for ~2% of global energy demand.4–6 Therefore, 

improved window technologies offer a large potential for energy savings. 

Photovoltaically active windows offer the potential to improve the energy and capital payback of 

more thermally efficient windows by generating energy.3 Nevertheless, standard photovoltaic (PV) 

windows are fundamentally limited in efficiency because of the need for high visible light 

transparency; a good solar cell absorbs light while a good window transmits light. The detailed 

balance limit for semitransparent semiconductor-based PVs has been investigated in detail across 

a range of visible transmittance values, but is only ~16.5% at 60% average visible transmittance 

(for a semiconductor with a ~2.3 eV band gap).7 This theoretical performance will be lessened 

with efforts to control infrared transmission and reduce the solar heat gain coefficient (SHGC) of 

the window, as well as by color management of the PV layer/device so that it is a neutral color and 

aesthetically pleasing for window applications. Despite the fundamental limits in efficiency, PV 

windows still have the potential for a similar or higher annual energy production rate than rooftop 

solar for tall buildings with large glass facades and small roof areas.8 

One promising concept is a PV window that, under an external stimulus, can change color from 

optically dark to highly transparent. A color changing PV window could balance the need for light 

harvesting and optical transparency with the ability to adjust transmission depending on the 

building design, the weather, or even a user's desires. This approach would also dynamically 

change the SHGC of the window depending on cooling/heating needs. In this way, it could balance 

the tradeoffs necessary to become both a good solar cell and a good window.  

In a simulation of various window glazing technologies performed by Wheeler et al.,9 several 

somewhat non-intuitive findings and design rules have been uncovered. First, the possible energy 

savings from improvements in window glazing is largest in climates with a significant heating 

load, such as New York City, versus a less seasonal but sunnier location, such as San Diego. This 

finding was true for traditional low emissivity double or triple pane windows, as well as 

photovoltaically active windows (dynamic or not). This analysis also demonstrated that dynamic 

PV windows do offer energy savings benefits when compared with conventional double pane 

window construction or static semi-transparent PV windows, and could even result in net-zero 

buildings for tall buildings in some locations because of their energy production.9 This analysis, 

and the prevalence of large glass facades throughout modern architecture, therefore motivates the 

continued investigation of dynamic PV window technologies.  

At the heart of the switchable PV window concept is an active PV cell with controllable optical 

absorption. Most of the development in smart windows has been around achieving reliable color 

changing windows that change optical properties upon some stimulus.10 Taking this same concept, 
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but then making the material a functioning PV device, requires a deeper look at device design, the 

mechanism used to achieve a color change, and the possibilities for long lifetimes without optical 

degradation. Aesthetics are key in window design, making smart window products extremely 

sensitive to even slight changes in color, and windows require significant effort to replace, much 

more so than PV modules in most other scenarios, necessitating long term stability in visual 

appearance as well as performance. Therefore, the design criteria for switchable PV windows is 

more complicated than the “Stability, Cost, Efficiency” target for typical photovoltaics. While 

performance metrics and measurement best practices have been developed for transparent and 

semi-transparent PV,11 these guidelines are not universally applicable to switchable PV window 

devices. Light utilization and color rendering are key factors in device performance,11–13 and 

building modeling will be critical to understanding overall design targets and predicting 

performance.9,14,15 These complexities are only briefly mentioned in this present work. 

This Perspective addresses the various methods so far explored to achieve precisely controllable 

optical absorption and identifies the key materials design hurdles for each method. Key 

technologies under development that are highlighted here include wireless electrochromics, liquid 

crystals in luminescent solar concentrators, chromogenic organic dyes for dye sensitized and 

organic solar cells, and chromogenic halide perovskite solar cells. These designs for switchable 

PV windows are all still in their infancy, but there exist several promising avenues for further 

investigation and development that could take this technology out of the lab and into the real world.  

WIRELESS ELECTROCHROMIC WINDOWS 

The initial attempt to fabricate something like a switchable PV window used a dye-sensitized solar 

cell (DSC) powering a WO3 electrochromic counter electrode (Figure 2A).16 Present dynamic 

window technologies rely on electrochromics like WO3,
17  but this wireless electrochromic 

architecture achieves the same transmission control wirelessly, operating essentially as a 

photochromic device. While this design has the desired chromic properties, it does not provide any 

electrical output and does not offer the same degree of user control as a standard electrochromic. 

That said, continued development of this technique and the demonstration of practical prototype 

devices represent an interesting integration of photovoltaics and electrochromics which have the 

benefits of electrochromics, but the installation cost and requirements of traditional windows. 

This approach has been extended to other solar cell technologies, such as organic solar cells, and 

demonstrated in platforms which could be relatively low cost.18 One interesting further 

development of this idea demonstrated tunable transmission by the addition of a variable load 

between the DSC and the electrochromic counter electrode. Using this method, transmission was 

shown to be controllable between 15% and 50% on timescales of tens of seconds (Figure 2B).19 

More precise control of window transparency offers the potential for system optimization to 

maximize savings from cooling energy, lighting energy, and heating energy.17 Another interesting 

approach to achieve wireless electrochromic windows, which may be easier to develop into a 
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workable product, is to use an opaque photovoltaic cell coupled to a separate electrochromic 

window. By locating an opaque PV cell in an unobtrusive location, perhaps along the window 

frame, the need for a more specialized transparent PV device would be removed. For instance, 

Ling et al. coupled an efficient metal halide perovskite solar cell with a 4, 4′-(thiophene- 2, 5-

diyl)bis(1-ethylpyridin-1-ium) diiodide gel electrochromic to achieve an integrated electrochromic 

device which did not require external power input.20 A similar approach can also be taken using 

liquid crystals, where the alignment of the liquid crystal is controlled by a PV device and is used 

to control transmissivity.21 

These PV-powered electrochromic, or photovoltachromic cells, may not provide electrical output, 

but their ability to dynamically alter their transmission properties wirelessly, still makes them an 

interesting candidate for next generation window glazing, much like traditional electrochromics. 

Figure 2. (a) Absorption spectrum of a dye-sensitized photoelectrochromic cell before 

(bleached) and after (colored) illumination at an intensity of ~75 mWcm-2 for 1 min. The 

absorption of the dye/TiO2 dominates the “bleached” state, while LixWO3 is responsible for 

most of the absorbance in the colored state. Reprinted with permission from ref 16. Copyright 

1996, Springer Nature. (b) Transient optical transmittance at 788 nm of a photoelectrochromic 

cell with the structure shown in the inset. The cell is placed under a variable load and 

illuminated with a white-light LED source (4 mWcm-2). Reprinted with permission from ref 19. 

Copyright 2009, American Chemical Society. 
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By separating the photochromic and photovoltaic tasks into two distinct devices, this approach 

offers high flexibility to fine tune the aesthetic design, chromic properties, and stimulus response 

of a final product. This combination of traits makes this design a promising avenue for the future 

of electrochromic installations. 

LIQUID CRYSTALS AND LUMINESCENT SOLAR CONCENTRATORS 

Luminescent solar concentrators (LSC) are materials which absorb incident irradiation and then 

reemit spectrally-shifted photons, such that some fraction of the emitted photons are trapped by 

total internal reflection and reflected out to the edges of the device. This is typically an emitting 

species, such as quantum dots or organic dyes, embedded in a transparent matrix. When coupled 

with photovoltaic cells at the edges of the device, these devices can act as both windows and solar 

cells with tunable color and transparency. These architectures have been under development for 

over four decades as both a way to reduce the area of PV needed, an application obviated by low 

PV costs in this last decade, and as a device design which can open up new installation 

opportunities.22 The primary limitation of LSC has historically been their low efficiency (low to 

mid single digit power conversion efficiencies) even when coupled with highly efficient solar 

cells.22,23 

In the context of this discussion, of particular note are luminescent solar concentrators which 

feature liquid crystals as the transparent matrix. By using liquid crystals in an LSC, it is possible 

to design a window in which the host liquid crystal responds to an external stimulus, such as 

voltage, temperature, or lighting conditions, to change from a transparent (aligned) state to an 

opaque (unaligned) state, similar to privacy glass. A smart window utilizing this method was first 

described by Debije in 2010,24 who proposed a device that could vary transmission by 31% as well 

as generate electricity. Application of an external voltage to a matrix of liquid crystals caused the 

crystals to reorient, and fluorescent dyes embedded in the matrix were consequently reoriented. 

Individual fluorescent dye molecules are dipole absorbers and so have a preferred axis for 

absorption, so by altering the orientation via an external voltage the absorption of the smart 

window device could hence be varied. 

Sol, Debije and coworkers later enhanced this approach, changing LC alignment by 90 degrees to 

enable a third “tinted” state. They developed an LSC based on a fluorescent dye embedded in a 

liquid crystal cell which could be switched between three color states: transparent, tinted, and 

opaque, based on applied voltage and the alignment of the liquid crystals (Figure 3).25 Coupling 

these color changes with relevant photovoltaic performance will, in the view of these authors, 

remain quite challenging due to the optics of LSCs, but wireless liquid crystal windows (where the 

device is powered by small PV cells integrated at the LSC edges) with multiple transparency states 

could be an interesting application. 
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CHROMOGENIC ORGANIC MOLECULES IN SOLAR CELLS  

To combine PV output with the color changing properties of an electrochromic, photochromic or 

thermochromic organic molecules have been used in dye-sensitized solar cells and organic 

photovoltaics. This design has distinct benefits versus traditional static windows or even 

electrochromic windows, but also comes with the challenges of integrating multiple functions into 

a single device. Color changing organic dyes have long been a mainstay of materials and devices 

that change color upon the application of a stimulus. While the earliest photochromic systems, 

utilizing an anthracene-dianthracene photochromic cycle, were described in the 1860s, the first 

phenomenon more closely related to modern industrial photochromism was described in 1876 by 

ter Meer, who described the reversible color change of the potassium salt of dinitroethane from 

colorless in the dark to red in sunlight.26,27 With early commercial potential identified in the 1950s, 

by 1969 over 800 photochromic spiropyrans belonging to 46 subclasses had been investigated, yet 

degradation upon multiple color change cycles remained challenging for commercial 

applications.26,27 More recently, stimuli-responsive polymers have been designed which are 

controlled by an array of stimulants, including temperature, light, PH, and voltage.28 These 

responsive polymers are under investigation across a diverse set of applications, but, despite the 

long and widely varied investigation, most of the commercial value of photochromic dyes is still 

in their use in eyeglasses which dynamically change their color state, and novelty items.27 

 

Figure 3. Photographs and schematics of light transmission through a liquid crystal LSC. The 

optical state of the liquid crystal is manipulated by applied voltage. Reprinted with permission 

from ref. 25. Copyright 2018, John Wiley and Sons. 
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The dye-sensitized solar cell (DSC) architecture, with dye molecules anchored to nanostructured 

semiconductor thin films,29 is of particular note for switchable PV because it can combine the 

chromism of organic molecules with the electrical output of a DSC. While the basics of such an 

architecture appear relatively straightforward, it has proven difficult to achieve both PV output 

and a large change in light transmission. 

 

An early demonstration of a switchable DSC utilized spirooxazine dyes.30 These dye molecules 

are photochromic and change color under UV illumination. Specifically, a center spiro ring is 

closed initially, but opens with UV exposure, extending the conjugation across the dye molecule. 

The carboxylic acid-functionalized spirooxazine dyes attach to TiO2 nanoparticle surfaces and are 

regenerated by conventional iodide/triiodide electrolytes; however, they demonstrated relatively 

low photovoltage (~0.5V) and very low photocurrent in the colored state (~0.1mA) in the prototype 

device. Furthermore, the change in visible transmission was relatively modest (Figure 4). The 

challenge of combining sufficient chromic changes with high, or even modest, photovoltaic 

performance has also been proven significant in attempts by other researchers.31  

Figure 4. Color change of a spirooxazine dye on a TiO2 film (a) before and (b) after exposure 

to sunlight. DSCs fabricated using this dye showed power conversion efficiencies of 0.007% 

(clear) and 0.028% (colored). (c) Chemical structures of the dyes shown above. Figure 

adapted with permission from ref. 30. Copyright 2015 by Johnson et al., licensee AIMS Press. 
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In one of the most successful attempts to date of a photochromic dye-sensitized solar cell, Huaulmé 

and coworkers incorporated several different photochromic dyes based on the diphenyl-

naphthopyran photochromic unit (one of which is termed NPI).32 Two key problems that had 

plagued earlier studies were addressed through this work: (i) the relatively slow kinetics of the 

color change, and (ii) the poor sensitization characteristics of other photochromic dyes. Poor 

charge injection from the dye molecules into the TiO2 scaffold resulted in low photocurrent values 

and overall low performance.30 By extending the conjugation of the photochromic dye’s colored 

state onto the anchoring functional group, charge injection from the dye into the TiO2 was 

improved dramatically. Additionally, the authors sought to design photochromic dyes with the 

type of push-pull electronic structure seen in high-performing DSCs.33 The result of designing the 

photochromic dyes around the requirements of DSCs was a dramatically improved photocurrent 

of over 12 mA/cm2, and open circuit voltages of slightly more than 0.5V (Figure 5). A more recent 

publication from the same research group built on this work and improved device performance to 

approximately 4% using a co-sensitized DSC.34 The dyes tested in this work showed a change in 

average visible transmittance (AVT) from 20.6-44% in the active, colored state to 59-61% in the 

Figure 5.  Characterization of NPI-based semi-transparent DSC. (a) Evolution of the average 

visible transmission (AVT) (measured between 380 and 740 nm), PCE and pictures of a semi-

transparent NPI-based solar cell as a function of light exposure time (under standard irradiation 

conditions). (b) Bleaching curve (at 25 °C) registered at λmax of a complete semi-transparent 

NPI-based solar cell, with pictures of the cell before and after decoloration. (c) Evolution of the 

color of an NPI-based solar semi-transparent mini-module when exposed to natural light at 20 

°C. Interval times between pictures (from left to right) of 30, 30 and 240 s cumulatively. 

Adapted with permission from ref. 21. Copyright 2020 Nature Publishing Group. 
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non-activated state. While performance is still modest in comparison to state-of-the-art DSCs, this 

work shows that the lessons learned over the past decades in dye development for DSCs can be 

transferred to photochromic dye development. While these results portend further improvements 

in photochromic DSCs, the ability of these structures to modulate their transmittance is still only 

modest. This likely limits their usefulness, at least for the moment, in building integrated 

photovoltaics. 

A largely unexplored application of chromogenic organics is in organic photovoltaic (OPV) 

devices. The design of organic light absorber molecules for an OPV device differs significantly 

from a DSC, as does the operating mechanism. In an OPV, organic molecules behave as both light 

absorber and charge transport network. The ability to more easily tune the energy alignment of 

OPV devices, as well as significant developments in the molecular design of the OPV components, 

has led to recent record power conversion efficiencies of 19.2%.35  On the other hand, because 

charge transport occurs within the sensitizing dye, instead of within a separate semiconductor and 

redox couple as in DSCs (e.g., in TiO2 and I-/I3
-), the design of photochromic dyes for OPV devices 

is somewhat more challenging. 

As existing photochromic dyes do not have conductivities which are sufficiently high to allow for 

use in OPV devices, new photochromic dyes are needed to enable this device architecture. To date, 

this goal has yet to be achieved. However, in an initial demonstration, Saes et al. fabricated an 

OPV device with Poly-TPD and PC61BM as the donor and acceptor pair and then inserted a 

photochromic diarylethene dye into the device to provide the chromogenic behavior.36 Because 

both Poly-TPD and PC61BM absorb visible light weakly, the photochromic behavior of the 

diarylethene dyes can be observed. While this architecture did show some small changes in device 

transmission under UV illumination, the overall performance of the devices decreased with 

increasing diarylethene concentration. This decrease occurred from an already low baseline seen 

with a simple Poly-TPD and PC61BM device, due to their low absorption. This work highlights 

the need for new chromogenic dyes which can act as either the donor or acceptor in the OPV 

device. 

SWITCHABLE PSCs 

Metal halide perovskite (MHP) solar cells have surpassed both DSC and OPV performance by a 

significant margin.35 Since the earliest demonstrations of halide perovskites in photovoltaics,37 

however, researchers have struggled against various instabilities. The instabilities in these 

intriguing semiconductors are typically the undesired consequence of the low formation energy of 

MHPs.38,39 Certain instabilities which lead to large color changes have been explored as potential 

chromogenic pathways. The development of chromogenic semiconductors with the high electronic 

quality of MHPs could open the door for a new generation of color changing devices, with color 

changing PV windows as a potential cornerstone application. Somewhat unique to MHPs is the 

range of mechanisms which provide large changes in transmission, with some material 
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compositions exhibiting several different chromogenic mechanisms. To date, the mechanisms 

investigated include thermally driven crystal phase transformations,40,41 hydration42–44 or 

complexation with other intercalant molecules,45–51 changes in structural dimensionality,52 and 

other mechanisms besides.53 This wide range of mechanisms and stimuli has led researchers to 

imagine many other applications beyond color changing photovoltaic windows,45,53,54 but those 

most relevant to windows are discussed here.  

One of the early demonstrations of the chromogenic nature of MHP materials was the hydration 

of methylammonium lead iodide to form colorless hydrates, such as H2O∙CH3NH3PbI3.
42–44 It was 

identified in these early studies that this process could, under certain circumstances, be reversible, 

but it could also lead to color changes for the CH3NH3PbI3 hydrate.42–44 While the initial 

demonstrations of CH3NH3PbI3 hydration were focused on the relevance of this mechanism to the 

degradation of MHP solar cells when exposed to water,43,44 the hydration was taken advantage of 

by Halder et al. in 2015 through a change in material stoichiometry.42 In this study, a colorless, 

wide bandgap hydrate, (CH3NH3)4PbI6∙2H2O was favored below 60°C while a brown film was 

present at temperatures above 60°C due to the reversible hydration/dehydration mechanism: 

(CH3NH3)4PbI6∙2H2O 
∆
↔ CH3NH3PbI3 + 3CH3NH3I + 2H2O(g) 

The color change was found to be quite stable over 10 cycles, and there was a distinct difference 

in the photovoltaic performance between the two states, but the power conversion efficiency was 

only 1.2% in the colored state. A similar hydration mechanism was displayed with a 2D/3D MHP 

device which achieved a power conversion efficiency of 0.5% in the colored state and a switching 

temperature of >60°C, although the kinetics were a few hours at these lower temperatures and 

minute timescales required ~100°C.55 However, the larger issue with this color change mechanism 

is that the reliance on water hydration will lead to the degradation of the CH3NH3PbI3 under 

operational conditions.38,56 

In 2017, Wheeler et al. improved on this previous work with the change from water to 

methylamine.49 When CH3NH3PbI3 films were kept under a low partial pressure of methylamine 

(CH3NH2) gas, a similar intercalation/deintercalation reaction was observed 

CH3NH3PbI3∙xCH3NH2(s) 
∆
↔ CH3NH3PbI3(s) + xCH3NH2(g) 

This change in mechanism led to a photothermal phase transformation window that could be tuned 

with different partial pressures of CH3NH3 gas. However, the key issue revealed in this initial 

switchable photothermal PV window was the morphological changes of the MHP films with 

continued color switches (Figure 6D). 
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Figure 6. Composition and performance of switchable photovoltaic window devices. (a) 

Schematic of PV window device architecture and switching process. (b) Transmittance of PV 

devices in the bleached (red) and colored (blue) states as a function of wavelength. (c) Current 

density as a function of voltage of the champion switchable PV device in the dark (dashed) and 

under illumination (solid). The inset table shows PV performance metrics of the device before 

being bleached. (d) Short-circuit current as a function of time for 20 cycles of 3 min of 

illumination followed by 5 min of cooling in the dark. (e) Short-circuit current as a function of 

time for the first illumination cycle. The optical images show the transition from bleached to 

colored and back to bleached at the indicated times during the cycling process. Reproduced 

with permission from ref. 49. Copyright 2017 Springer Nature. 
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More recent work by ourselves, along with coworkers, exploring the interaction between CH3NH2 

and MHPs has improved the understanding of this interaction chemistry and outlined initial 

guidelines for improving reversibility and limiting morphological changes. Using a variety of 2D 

MHPs, we demonstrated that 2D MHPs also display similar chromogenic behavior to 

Figure 7. Intercalation/deintercalation in R-PEA2PbI4 materials. (a) Diagram showing how 

organic cation penetration into the perovskite layer can lead to Pb–I–Pb bond distortions and 

interactions with cation “tail” and adjacent axial halide. (b) Band gap energy calculated from 

the absorption excitonic peak plotted for various R-groups in R-PEA2PbI4 films. (c–e) Results 

of MA intercalation/deintercalation across three select R-PEA2PbI4 materials. From left to right 

is shown, the structure of the A-site cation, UV–visible absorbance spectra of the R-PEA2PbI4 

film before and after one switch, and SEM images of film morphology for these materials 

before and after one switch. Reproduced with permission from ref. 51. Copyright 2022, 

American Chemical Society.  
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CH3NH3PbI3, but that there are an array of different possible interactions with CH3NH2 that can 

lead to the formation of secondary phases.51 The control of the interactions between the A-site 

cation and the PbI6
2- octahedral sheets of the structure was shown to be a useful tool for developing 

more robust compounds for chromogenic MHPs. It was demonstrated that secondary phase 

formation can be suppressed through careful design of the long-chain A-site cations. Tuning the 

cation-cation and cation-PbI6
2- interactions (at both the cation -NH3

+ “head” and the “tail”) was 

shown to lead to dramatically improved reversibility of the methylamine-induced color change, in 

structural and morphological studies, with HO-PEA2PbI4 (4-hydroxy-phenethylammonium lead 

iodide) showing promising reversibility (Figure 7). Future efforts may be able to incorporate these 

same design rules to improve the reversibility of chromogenic MHPs with methylamine or other 

intercalation compounds. 

In addition to these mechanisms, thermochromic MHPs have been demonstrated based upon 

materials which are metastable in their dark, perovskite crystal phase. This was first reported in a 

device in 2018 by Lin and coworkers with CsPbIBr2 as a model system,40 with a similar system 

proposed and illustrated in a patent filing by one of us and several coworkers.41 A key development 

of the work by Lin et al. was a more thermally robust transparent device architecture.40 This 

enabled devices that showed stability in their photovoltaic output over 10 color change cycles. 

However, the phase transition temperature for these materials is outside of the range that can be 

accessed in standard PV window applications, as this initial demonstration showed a 

thermochromic switching temperature of 150-190°C between the visibly transparent non-

perovskite phase and the light-absorbing perovskite phase. The kinetics of this phase change can 

become quite slow (hrs) as the temperature of the phase change is lowered below this level because 

of the decrease in the thermodynamic driving force. Current evidence indicates that the nucleation 

of the non-perovskite phase plays an important role in the kinetics of the phase transition, and that 

water plays a part in initiating these non-perovskite nucleation sites.40,57,58 As such, developing 

this mechanism further, and increasing the kinetics to a point where it could be technologically 

relevant, will likely require the more precise control of nucleation site formation. 

A final notable challenge for all of the MHP PV window approaches is the attainable color space 

of a completed device.8 While research to date has focused on the color change mechanisms and 

the development of higher performance or more robust systems, future research will need to 

carefully consider the aesthetic aspects of the technology if it is to be used in either building 

facades or consumer products. Although some basic mechanisms for controlling the color of semi-

transparent MHP solar cells have been explored,59,60 this has not received enough attention from 

researchers developing these devices.  

TECHNOLOGY OUTLOOK 

Switchable PV windows integrate two separate technologies to provide unique functionality that 

enables both energy savings and energy generation in a single device. With the continued 
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architectural preference for large glass facades, this technology can improve the thermal 

performance of the window glazing through dynamic changes in optical absorption, while enabling 

energy generation in existing spaces. While these features make switchable PV windows attractive, 

the combination of functions makes it a difficult technology from a materials and device design 

perspective. Rosales et al. have shown that 20-27.5°C is the optimal switching temperature range 

across climate zones because it reduces the cooling load of the building when the device is in the 

colored state, and the heating load when the device is transparent.61 This provides a target for 

thermochromic materials and demonstrates their advantage over photochromic mechanisms which 

prioritize PV output, but would be poorly tuned to reduce heating/cooling needs for the building.  

Ideal thermal PV window coatings would have strong absorption in the near infrared portion of 

the solar spectrum, not just in the visible. Significant absorption in the near IR is important to limit 

the SHGC of the window glazing to reduce cooling load for the building.  Near IR modulation 

driven by a thermochromic mechanism would allow for heightened SHGC during colder weather, 

and reduced SHGC during warm weather, improving building performance in both conditions. 

However, achieving strong optical changes in both the visible and near infrared is an especially 

challenging task. While this is an interesting long-term design target, a hybrid approach where the 

dynamic changes of the window glazing occur in the visible, and standard static near IR absorbing 

coatings are tuned to the climatic location of the building, may prove to be the most tractable in 

the near-term. Chromogenic dyes have a long history and have proven to be a rather reliable 

technology in applications where extremely long lifespans are not required (viz., eyeglasses, some 

textile use, actinometry, and thermoplastics). However, current chromogenic dyes do not appear 

promising with regard to their PV properties, making the design of new classes of photochromic 

and thermochromic dyes necessary, especially for OPV devices. As discussed previously, a 

dynamic SHGC driven by a thermochromic mechanism has distinct advantages over photochromic 

windows. For dye systems, demonstrations have, to date, used photochromism. The use of 

photochromism puts a premium on PV efficiency for system performance, especially in more 

temperate climates where building heating load is higher.61 Moreover, the photostability of current 

commercial photochromic dyes is not sufficient for applications in window glazing.27 In these two 

respects, we can learn from past developments in OPV and DSC dye design, but there remain 

significant hurdles. The optical absorbance of the common DSC electrolytes is a complication, but 

semi-transparent DSCs have been demonstrated.62,63 More challenging for dye-based systems will 

be the design of dyes with strong absorbance modulation across the entire visible spectrum while 

achieving a neutral color state. Further development of co-sensitization with multiple chromogenic 

dye molecules could enable this.34 For OPV architectures specifically, the design of new classes 

of chromogenic dye molecules or polymers that have high charge mobility and improved 

photostability is needed. Overall, for these systems the stability (PV performance and color 

stability) of the chromogenic dyes developed is likely to be the most significant challenge, 

especially for dyes with “black” absorption.  
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Luminescent solar concentrators also have a long history of research, and incorporation of 

fluorescent dyes (or semiconductors) in liquid crystal matrices have been studied for a range of 

optical and electronic devices. Like with chromogenic dyes, the photostability of the dye used in 

liquid crystal LSCs is vital for their implementation in switchable energy-generating windows.64 

For this type of device, coupling the color change with significant PV performance will also be a 

challenge, as the efficiencies of even the best LSCs are quite low because of the optical mechanism 

of the device.22 That said, the ability of liquid crystal LSCs to provide multiple desirable color 

states (clear, tinted, and opaque), makes them rather unique. 

Metal halide perovskites have been touted by researchers as the “next-big-thing” across a huge 

range of semiconductor device applications. This optimism is in large part because of the high 

initial performance of MHP devices and their potential for large area processing. While high 

photovoltaic performance has been difficult to achieve with photochromic dye/organic solar cells, 

many of the early demonstration devices featuring MHPs achieved respectable initial 

performances.40,49 This is especially relevant as the majority of research efforts in this space have 

been focused on the chromogenic mechanisms rather than device efficiency. That said, while 

MHPs offer a promising material system that addresses some of the challenges faced with organic 

chromogenic dyes, they come with their own unique set of challenges around material and device 

stability. One challenge for MHPs not seen to the same degree in the other approaches discussed 

is the toxicity of lead. This risk must be weighed and designed against. Possibilities exist to build 

encapsulation strategies into the device design,65 and even “worst-case” complete failure will 

likely not pose a significant environmental risk if an adequate sorbing phase (e.g., soil) is present.66 

Thus, in BIPV applications with double-pane windows, lead exposure risk currently appears quite 

small, although disposal of the windows becomes more challenging than traditional glass. 

Final MHP products could be largely similar to standard argon filled double pane windows, 

although the requirements for the edge sealant will change because it must now be chemically 

compatible with the intercalation molecule. Use of the intercalation mechanism has enabled ideal 

switching temperatures and fast kinetics for thermochromic halide perovskites.61 However, two 

main problems are readily apparent for this mechanism. First, there are a number of different side 

reactions which can occur between the intercalation molecule and the halide perovskite (or the 

other layers in the device stack). Most notable of these is protonation of the iodide in the halide 

perovskite to HI, which then can volatilize and cause irreversible material degradation.67,68 This is 

especially pertinent for intercalation compounds with acidic hydrogens (e.g., water, methanol, 

etc.). These reactions can be initiated by light or temperature which makes them especially 

problematic in PVs and therefore necessitates testing of material switching and stability in the light 

and the dark, measurements which are currently scarce in the published literature. The second 

major instability of this design is the mechanical instability caused by repeated 

expansion/contraction of the materials from the intercalation/deintercalation process that drives 

the color change. This expansion/contraction can lead to significant morphological changes after 

very few color change cycles.49,51 Both of these instabilities remain challenging, but work is being 
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done to template both materials51 and device structures61 to help relieve these stresses and offer 

improved device lifetime. Because of these two issues, while it addresses many aspects necessary 

for switchable photovoltaic windows, this switching mechanism’s particular stability issues are 

likely to be a major hurdle to its development into a product. 

Devices which take advantage of the phase instability of MHPs are able to reduce the mechanical 

stresses associated with a color change, likely simplifying the design of reliable devices and, in 

the authors’ opinion, providing a more straightforward pathway to commercially relevant 

photostability and cycling stability. However, the low switching temperatures required of 

thermochromic materials makes devices reliant on these phase changes difficult because of the 

slow kinetics as the temperature is reduced.40 This is not an insignificant materials design 

challenge. Pushing this phase transition temperature from ~150°C closer to 30°C, while 

maintaining switching rates of minutes, will only be possible with better control of the material 

kinetics, and may require material compositions which are currently beyond the reach of standard 

thin film solution processing.69 Therefore, while this approach remains interesting, there does not 

exist a demonstrated pathway to lower switching temperature to the desired range (just above room 

temperature) while maintaining the necessary kinetics.  

CONCLUSION 

We believe that switchable photovoltaic windows have large commercial potential because they 

address an area of need while providing new functionality in building design. These products 

would provide a sought-after combination of revenue generation (energy production), reduced 

operating costs (better insulating properties), and improved user experience (a reduction of sun 

glare without completely sacrificing the view). While this makes switchable PV windows very 

desirable, each of the potential technologies explored present significant challenges to overcome 

on the road to commercial viability.  

When comparing the number of publications on these topics to the amount of work that has been 

done on standard opaque solar cells using these technologies, or even semi-transparent devices for 

BIPV, all of the approaches discussed herein are still in their infancy (Table 1).   

Table 1. Number of published papers on several relevant topics. The number in parentheses shows 

the most relevant original research articles on the topic, determined by hand count. 

Topic Number of Papers Published* 

DSC/OPV 70,000+ 

MHP Solar Cells 14,850 

BIPV 1686 

Photochromic DSCs/OPV 30 (16) 

Color Switchable MHP 28 (18) 

Liquid Crystal LSC 17 
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*Determined 5/22-6/2, 2023 using Web of Science keyword search 

Because of this relative lack of research, many challenges in characterization still exist and the 

future of the technology as a whole is still very uncertain. The several mechanisms thus far 

explored for switchable photovoltaics all offer their own advantages and challenges, with the 

linked difficulties of robust photostability and color cycling stability operating as the common 

hurdles. These are likely to remain two dominant challenges for the field moving forward. Any 

smart window technology necessitates very long product lifetimes because window production 

and installation costs are both high. Therefore, we anticipate that product lifetimes would need to 

be at least as long as current commercial utility-scale photovoltaics, perhaps even longer. One 

slight caveat, however, is that product lifetime for a smart window is more directly related to the 

optical appearance than photovoltaic production. So, while degradation in PV performance is 

important, retention of the “look” of the window is a more important aspect of product durability 

than simply performance. Even so, overcoming long-term stability issues will require a significant 

research effort, making commercialization of switchable PV windows a long-term pursuit in our 

view.  

A third challenge common to all of these approaches which should not be overlooked is the 

difficulty in achieving a suitable color.11,13,60,70 Because implementation of color changing PV 

windows would be in architectural spaces, adoption will most certainly not be due to functionality 

and cost/energy savings alone. Achieving a desirable (or at least avoiding an undesirable) aesthetic 

has proven to be a substantial challenge even for static BIPV technologies that have received more 

significant research and commercialization effort. Adopting the reporting protocols used for semi-

transparent PV, such as those outlined by Lunt and coworkers,11 (understading that these need to 

be modified/expanded for switchable PV windows) will be an important step to make common 

progress on this point.  However, future work needs to consider the specific reporting metrics and 

targets for switchable PV windows (e.g., color rendering index in transparent and opaque states, 

AVT, light utilization efficiency, PV stability, color stability, switching kinetics, and more). While 

these topics has been largely avoided thus far for color changing PV windows, this area must rise 

to the fore, and soon. 

Because of the challenges still remaining for color changing PV windows, combination PV and 

electrochromic or liquid crystal windows appear to be worth continued pursuit in the near- and 

mid-term. Such wireless chromogenic windows would integrate two more mature technologies 

and enable some of the same benefits, excepting energy production, as switchable PV windows. 

Moreover, combined with a battery this could offer the user, or product designer, precise control 

of window transparency at all light conditions. 

Smart window technologies, including switchable PV windows, are an important technological 

tool to allow architects and designers to continue to build major buildings with large glass facades 

while significantly reducing the energy footprint of those structures. Given the continued 
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urbanization occurring globally and the necessity to reduce the energy impact of new and existing 

structures, the time is ripe to invest in the research and development of next-generation window 

technologies that can make an impact later this century, while pushing to accelerate the adoption 

of first-generation smart window technologies that will provide desirable functionality and save 

energy now. 
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Color-changing photovoltaic windows could save energy and generate electricity. A building with 

such windows is shown changing from tinted PV to transparent phase. This work reviews recent 

strategies and provides a future outlook for this technology. 
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