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Abstract — With the rapid expansion of the Internet of Things (IoT), efficient and durable energy 

harvesters for powering IoT devices operating indoors and outdoors are imperative. Promising 

materials for indoor photovoltaic (PV) technologies include transition metal dichalcogenides (TMDs) 

such as MoS2, MoSe2, WS2, and WSe2, mainly due to their high absorption coefficients and self-

passivated surfaces. Here, we assess the performance of single-junction TMD solar cells under 

various indoor lighting conditions with a realistic detailed balance model including material-specific 

optical absorption, as well as radiative, Auger, and defect-assisted Shockley-Read-Hall 

recombination. We find TMD solar cells could achieve up to 36.5%, 35.6%, 11.2%, and 27.6% power 

conversion efficiency under fluorescent, LED, halogen, and low-light AM 1.5 G lighting, respectively, 

at 500 lux. Based on this, TMD solar cells could outperform commercial PV technologies in indoor 

scenarios, suggesting their viability for future IoT energy solutions. 

I. INTRODUCTION 

As the Internet of Things (IoT) expands, the need for reliable energy sources to power IoT devices becomes 

increasingly vital, especially within indoor environments. Indoor photovoltaics (PVs) offer a sustainable 

solution, addressing the energy requirements for the vast network of sensors and devices that will form the 

backbone of data-driven sectors such as healthcare, manufacturing, infrastructure, and energy. It is antici-

pated that billions of wireless sensors will be deployed in the next decade, with a substantial number located 

indoors to facilitate continuous data acquisition and system optimization1,2.  

While several indoor PV technologies such as amorphous silicon (a-Si)3, dye-sensitized solar cells 

(DSSC)4,5, organic PV6,7, and perovskite solar cells (PSC)8–10 have been explored, each presents some chal-

lenges in terms of efficiency, stability, and production scalability11–18. Among emerging materials and tech-

nologies for indoor PV solutions, transition metal dichalcogenides (TMDs) are attracting attention due to 

their high absorption coefficients, near-ideal band gap, and self-passivated surfaces19,20. Models show that 

ultrathin TMD solar cells (~50 nm) can achieve 25% power conversion efficiency outdoors – under the AM 

1.5 G spectrum – upon design optimization even with existing material quality. This corresponds to 10× 

higher specific power that of existing incumbent solar cell technologies21. Although similarly high perfor-

mance is expected from TMD solar cells indoors, there are no prior studies of indoor performance of TMD 

solar cells that quantify the power output of TMD solar cells indoors.  
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In this work, we provide material-specific, thickness-dependent efficiency limits for single-junction 

solar cells made of multilayer (bulk, ≥ 5 nm-thick) MoS2, MoSe2, WS2, and WSe2 solar cells at different 

material qualities and under various indoor lighting conditions. We use a realistic detailed balance model 

incorporating experimental optical properties as well as radiative, Auger, and Shockley-Read-Hall recom-

bination mechanisms. The performance of these solar cells is analyzed under various indoor light sources, 

including compact fluorescent lamp (CFL), light emitting diode (LED), halogen, and low-intensity 

AM 1.5 G, all adjusted to the illuminance levels typical in common indoor locations ranging from parking 

garages (50 lux) to retail stores (500 lux). We find that TMD solar cells could achieve high power conver-

sion efficiencies – up to 36.5% under CFL, 35.6% under LED, 11.2% under halogen lighting, and 27.6% 

under low-light AM 1.5 G. This performance indicates that TMDs offer an improvement over existing 

indoor PV technologies, potentially transforming energy solutions for indoor IoT applications. 

II. RESULTS AND DISCUSSION 

Modeling setup 

Our modeling approach, detailed in our previous work21 and in Supplementary Note 1, extends beyond 

the Tiedje-Yablonovitch limit22 to investigate the impact of material quality on solar cell performance. It 

incorporates defect-assisted Shockley-Read-Hall (SRH) recombination to establish efficiency limits for sin-

gle-junction, multilayer TMD solar cells with film thicknesses of 5 nm or more as a function of material 

quality. It considers an enhanced absorption via a mean path length of 4n2L (with n representing the refrac-

tive index), and photogenerated excitons that immediately dissociate into free charge carriers (Figure 1a). 

We examined the efficiency limits of TMD solar cells under four indoor spectra23: compact fluorescent 

lamp (CFL) also known as energy saving lamp (ESL), incandescent halogen, light-emitting diode (LED), 

and low-light AM 1.5 G. These spectra are all shown in Figure 1b. The halogen spectrum was extended 

using the blackbody radiation formula (Supplementary Note 2 and Supplementary Figure 1) to match 

the halogen lamp’s emission characteristics. Normalization of these spectra to typical indoor lighting sce-

narios was achieved by matching the lux levels defined in the Illuminating Engineering Society (IES) Light-

ing Handbook24. These scenarios range from the lower intensity of a parking lot at 50 lux and a warehouse 

at 150 lux, to brighter conditions of an office at 400 lux and a retail store at 500 lux.  

Figure 1b shows the normalization of these spectra for a retail setting (500 lux) as an example. The 

lux illumination was calculated by calibrating the spectral power distribution with the Commission Inter-

nationale de l'Eclairage (CIE) photopic luminosity function. Although lux values are based on the human-

visible range, the input power calculations consider the full spectra of light wavelengths, which are needed 

to determine the power conversion efficiency (the ratio of output power to input power). The input power 

densities for the four indoor spectra at the lux levels considered are listed in Supplementary Table 1. This 

calibration process is in line with methodologies applied to the AM 1.5 G spectrum in a previous study25.  
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Figure 1. Indoor TMD photovoltaics. a, Modeling setup showing the configuration of a multilayer transition 

metal dichalcogenide (TMD) solar cell with various illumination sources. Optimal light trapping with an op-

tical path length of 4n2L is considered and various recombination mechanisms are included. Anti-reflection 

coatings and a perfect back reflector are used to enhance light absorption and minimize reflective losses. 

R, reflection; L, TMD film thickness; n, refractive index; SRH rec., Shockley-Read-Hall recombination. b, 

Various indoor light spectra23 used in this study. The band gap range of multilayer TMDs is labeled by the 

blue shaded region. All spectra are normalized at 500 lux (retail store condition).  

The following sections delve into a detailed analysis of the results, including short-circuit current den-

sity, open-circuit voltage, fill factor, output power, and power conversion efficiency of single-junction 

TMD (MoS2, MoSe2, WS2, and WSe2) solar cells for each considered light source (CFL, LED, halogen, 

and AM 1.5 G) at various illuminance levels typical in common indoor locations, ranging from parking 

garages (50 lux) to retail stores (500 lux). 

Compact fluorescent lamp (CFL) 

To illustrate the CFL estimates for one of the TMDs (here, WS2), Figure 2 shows the calculated short-

circuit current density (JSC), open-circuit voltage (VOC), fill factor (FF), and output power (Pout) under CFL 

lighting as a function of WS2 film thickness and CFL illumination intensity. For this study, our choice of !SRH = 611 ns is based on the maximum value reported to date for unpassivated multilayer WS2
26; our 

expectation is that as material quality continues to improve (and/or TMD surfaces are passivated), the life-

times for WS2 and other TMDs will increase beyond this figure. In comparison, an infinite SRH lifetime 

represents an idealized scenario (the Tiedje-Yablonovitch limit22), which points to the maximum achievable 

VOC (and efficiency) in the absence of defect-assisted SRH recombination. 

The JSC in Figure 2a has minimal variation with increasing film thickness at low light intensities, such 

as those in parking garages (50 lux) or warehouses (150 lux). However, at the higher intensities in office 

(400 lux) and retail (500 lux) environments, the enhanced absorption of lower-energy photons by thicker 

WS2 films leads to a modest rise in JSC. Figure 2b finds the VOC similarly increases with light intensity, but 

decreases with thicker films, due to a shift in absorption threshold towards lower photon energies21, which 

effectively reduces the band gap. The scaling of VOC with light intensity stems from the logarithmic 
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relationship between VOC and photocurrent. The FF is influenced by both the VOC and the material quality. 

For a finite SRH lifetime of 611 ns, both the VOC and the FF (Figure 2c) are lower, and FF shows a stronger 

dependence on light intensity due to the greater relative impact of recombination at defect sites under lower 

light conditions. Although recombination is reduced at lower light intensities, the fewer available carriers 

make any recombination losses more detrimental to the FF, particularly in thicker films with more defects. 

The dependency of the FF on VOC further explains its reduction with increasing film thickness27. Lastly, 

reflecting trends from the other parameters, the output power Pout (Figure 2d) displays a weak inverted U-

shape as a function of film thickness. The Pout peaks at intermediate thicknesses where the increase in JSC, 

particularly at the higher light intensities, compensates for losses in VOC and FF. 

 
Figure 2. WS2 solar cells with compact fluorescent lamp (CFL) illumination. a, JSC, b, VOC, c, FF, and 

d, Pout, all as a function of WS2 film thickness, at 300 K. Solid lines are in the limit defect-free material (no 

SRH recombination), dashed lines with !SRH = 611 ns. Four CFL illumination intensities correspond to the 

four colors, as labeled (e.g. purple dashed and solid are at 500 lux). Note, JSC is not affected by material 

quality (!SRH) due to the low carrier density at zero bias. 

The power conversion efficiency (PCE) for MoS2, MoSe2, WS2, and WSe2 solar cells as a function of 

TMD film thickness, SRH lifetime (!SRH), and CFL illumination intensity is shown in Figure 3. PCE is the 

ratio of the Pout to the input power (Pin), and it characterizes the efficiency with which the solar cells convert 

the absorbed light into electrical power. Because the Pout of solar cells is the product of JSC, VOC, and FF, 
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these trends are explained by the JSC, VOC, and FF trends in Supplementary Figure 2, Supplementary 

Figure 3, and Supplementary Figure 4, respectively. As observed, the Pout curves for all four TMDs 

(Supplementary Figure 5) exhibit an inverted U-shape, which also defines the PCE curve due to the com-

peting influences of JSC, VOC, and FF on the Pout. As the TMD film thickness increases, the JSC improves 

due to better light absorption, but both VOC and FF decrease, which is more pronounced for the finite SRH 

lifetime of 611 ns. This competition leads to the same trends observed for PCE as for Pout with thickness. 

 
Figure 3. Power conversion efficiency (PCE) of thin-film TMD solar cells under CFL illumination. 

PCE of a, MoS2, b, MoSe2, c, WS2, and d, WSe2 solar cells as a function of TMD film thickness, material 

quality (!SRH), and CFL illumination intensity at 300 K. Solid lines are in the limit defect-free material (no 

SRH recombination), dashed lines with !SRH = 611 ns. Illumination intensities correspond to the four colors, 

as labeled (e.g. purple dashed and solid line are at 500 lux). !SRH, Shockley-Read-Hall (SRH) lifetime. 

For lower light intensities, even though the Pout may not exhibit a distinct peak (Supplementary Fig-

ure 5), the division by a relatively smaller input power accentuates the peak in PCE (Figure 3). For infinite 

SRH lifetime where non-radiative recombination is excluded, the degradation in PCE with increased thick-

ness is less severe, illustrating the critical role of material quality in TMD solar cell performance. Con-

versely, in the presence of SRH recombination, due to the steeper decline in VOC and FF with thickness 
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(Supplementary Figure 3 and Supplementary Figure 4), the PCE exhibits a peak shift towards smaller 

thicknesses, as well as a more significant drop-off with thickness. 

With today's material quality (!SRH ≈ 611 ns), TMD solar cells can achieve up to 23.5% efficiency 

under CFL illumination. The efficiency limits at current material quality could be achieved through careful 

optimization of the solar cell’s optical and electrical designs. As material quality improves towards an in-

finite !SRH, efficiencies as high as 36.5% become achievable, underscoring that better material quality di-

rectly correlates with enhanced performance. 

 

Figure 4. Power conversion efficiency (PCE) of thin-film TMD solar cells under LED illumination. 

PCE of a, MoS2, b, MoSe2, c, WS2, and d, WSe2 solar cells as a function of TMD film thickness, material 

quality (!SRH), and LED illumination intensity at 300 K. Solid lines are in the limit defect-free material (no 

SRH recombination), dashed lines with !SRH = 611 ns. Illumination intensities correspond to the four colors, 

as labeled (e.g. purple dashed and solid line are at 500 lux). !SRH, Shockley-Read-Hall (SRH) lifetime. 

Light-emitting diode (LED) lamp 

We now examine the PCE for all four TMD solar cells with LED illumination, as a function of TMD film 

thickness, illumination intensity, and SRH lifetime (!SRH), as shown in Figure 4. Thicker films initially 

enhance JSC (Supplementary Figure 6), contributing to an increase in PCE due to improved light absorp-

tion capabilities. This increase in PCE is, however, countered by decreases in VOC (Supplementary Figure 
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7) and FF (Supplementary Figure 8), particularly where the SRH lifetime is finite. The Pout trends (Sup-

plementary Figure 9), and thus the PCE trends, similar to those under CFL illumination, show that there 

is an optimal thickness where benefits in JSC are maximized before being outweighed by losses in VOC and 

FF. With infinite SRH lifetime, the drop in PCE with increased thickness is not as pronounced, thanks to 

the higher material quality. At finite SRH lifetimes, a sharper peak and a more noticeable decline in PCE 

with additional thickness are observed. These trends suggest that enhancing material quality can signifi-

cantly improve the power conversion efficiency of TMD-based solar cells under LED lighting. 

With today's material quality (τSRH ≈ 611 ns), TMD solar cells can achieve up to 23.5% efficiency 

under LED illumination. As material quality advances towards infinite τSRH, there is potential to reach effi-

ciencies as high as 35.6%. These enhancements in efficiency can be realistically attained by optimizing the 

optical and electrical designs of the TMD solar cells, and leveraging improvements in material quality. 

Halogen lamp 

Examining the four TMD solar cells with halogen illumination, Figure 5 displays their estimated PCE as a 

function of TMD film thickness, SRH lifetime (!SRH), and illumination intensity. The trends in JSC (Sup-

plementary Figure 10), VOC (Supplementary Figure 11), and FF (Supplementary Figure 12) inform the 

trends in Pout (Supplementary Figure 13) and thus PCE. Notably, for an infinite SRH lifetime, we observe 

a continuous increase in PCE across all materials, suggesting the outweighing benefit of improvements in 

JSC with thicker films against losses in VOC and FF. However, the PCE under halogen illumination is overall 

lower than the PCE under CFL or LED illumination (Figures 3 and 4), due to the halogen spectrum having 

more low-energy photons, below the TMD band gaps (Figure 1b). For a finite !SRH of 611 ns, MoS2 and 

WSe2 exhibit discernible PCE peaks, indicating an optimal thickness range for maximum efficiency. In 

contrast, the PCE of MoSe2 (Figure 5b) is almost independent of film thickness, which points to its less 

dramatic balance between JSC gains and VOC and FF losses. The PCE of WS2 (Figure 5c) shows a monotonic 

increase with film thickness, which is more pronounced at the higher illumination intensities. This demon-

strates how the material’s absorption spectrum and the illumination intensity affects PCE. 

With today’s material quality, at !SRH ≈ 611 ns (dashed lines in Figure 5), these TMD solar cells can 

achieve up to 5.9% efficiency under halogen illumination. As material quality advances towards infinite !SRH (solid lines in Figure 5) efficiencies up to 11.2% may be reachable in the thickest MoS2 and WSe2 

films, under halogen illumination. 

Low-Light AM 1.5 G 

The PCEs for MoS2, MoSe2, WS2, and WSe2 solar cells as a function of TMD film thickness, SRH lifetime 

(!SRH), and AM 1.5 G illumination intensity are shown in Figure 6. Similar to observations under halogen 

illumination, for an infinite SRH lifetime, the PCEs consistently increase with film thickness for all 
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materials, indicating that the positive effects of increased JSC (Supplementary Figure 14) with thickness 

outweigh the negative impacts on VOC (Supplementary Figure 15) and FF (Supplementary Figure 16). 

Similar trends are seen for Pout (Supplementary Figure 17) within infinite SRH lifetime.  

 
Figure 5. Power conversion efficiency (PCE) of thin-film TMD solar cells under halogen illumination. 

PCE of a, MoS2, b, MoSe2, c, WS2, d, WSe2 solar cells as a function of TMD film thickness, material quality 

(!SRH), and halogen illumination intensity at 300 K. Solid lines are in the limit defect-free material (no SRH 

recombination), dashed lines with !SRH = 611 ns. Illumination intensities correspond to the four colors, as 

labeled (e.g. purple dashed and solid line are at 500 lux). !SRH, Shockley-Read-Hall (SRH) lifetime. 

However, for a finite SRH lifetime of 611 ns, Pout and PCE curves exhibit distinct peaks for all mate-

rials, similar to trends seen with CFL and LED illumination. These peaks highlight the interplay between 

JSC, VOC, and FF in determining the efficiency of light absorption and conversion to electrical power. In-

creasing film thickness enhances JSC due to improved light absorption, but this benefit is counterbalanced 

by more substantial declines in both VOC and FF in the thicker films. 

With today's material quality (τSRH ≈ 611 ns), TMD solar cells achieve up to a PCE of 16.3% under 

AM 1.5 G illumination, at 500 lux (i.e. typical retail store lighting). As material quality progresses towards 

an infinite SRH lifetime, the efficiency could increase to as much as 27.6%. These efficiency limits are 

attainable by refining the optical and electrical designs of these ultrathin TMD solar cells. 
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Figure 6. Power conversion efficiency (PCE) of thin-film TMD solar cells under AM 1.5 G illumination. 

PCE of a, MoS2, b, MoSe2, c, WS2, d, WSe2 solar cells as a function of TMD film thickness, material quality 

(!SRH), and AM 1.5 G illumination intensity at 300 K. Solid lines are in the limit defect-free material (no SRH 

recombination), dashed lines with !SRH = 611 ns. Illumination intensities correspond to the four colors, as 

labeled (e.g. purple dashed and solid line are at 500 lux). !SRH, Shockley-Read-Hall (SRH) lifetime. 

Benchmarking and Projections 

Figure 7a benchmarks the PCE of TMD solar cells in this work against incumbent and emerging indoor 

photovoltaic technologies, under CFL and LED illumination at ~500 lux, as detailed in Supplementary 

Table 2. Shockley-Queisser efficiency limits considering a CFL spectrum and an LED spectrum at 500 lux 

are included for reference (solid lines). For CFL illumination, TMD solar cells achieve PCE up to 23.5% at 

τSRH of 611 ns, and 36.5% in the absence of SRH recombination, both for WS2. Under LED illumination, 

these efficiencies are slightly lower at 23.5% and 35.6%, respectively. For an infinite τSRH, TMD solar cell 

efficiencies above the Shockley-Queisser model, are due to our incorporation of measured optical absorp-

tion spectra, which show that the absorption threshold of TMDs shifts to higher photon energies in thinner 

films, effectively increasing the band gap. This results in higher open-circuit voltages (VOC) than predicted 

by the Shockley-Queisser model, and thus higher FF, leading to higher overall PCEs21. 
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Figure 7. Comparison of TMD solar cells with other indoor PV technologies and IoT wireless proto-

cols. a, Maximum power conversion efficiencies (PCE) vs. band gap (Eg) for indoor PV devices to date; 

symbols with orange (blue) border mark measurements under CFL (LED) illumination. Orange (blue) line 

marks the Shockley-Queisser limit at 500 lux with CFL (LED) illumination spectrum. Indoor PV PCEs are at 

approximately 500 lux to 1000 lux illumination; see Supplementary Table 2 for more details and refer-

ences. TMD estimates from this work (stars) are at 500 lux illumination, at !SRH of 611 ns and infinite !SRH, 

for both CFL and LED. b, Comparison of average power consumption of various wireless protocols2,28,29 

with the Pout of 10 cm2 TMD solar cells under various indoor lighting conditions at 500 lux. This highlights 

the ability of TMD solar cells to efficiently power IoT devices across multiple indoor settings, underscoring 

their potential to support the sustainable expansion of IoT networks. 

Our estimated TMD solar cell efficiencies, achievable with optimized optical and electronic designs, 

are comparable to those of existing indoor PV technologies, such as DSSC and organic PV, under similar 

conditions. Even at a τSRH of 611 ns, which corresponds to existing TMD material quality26, TMD solar 

cells are competitive with a-Si, III-V, II-VI and c-Si (crystalline Si) technologies. Notably, the efficiencies 

of TMD solar cells with “infinite” τSRH closely approach or surpass the highest efficiencies reported (details 

and references in Supplementary Table 2), demonstrating TMDs' strong potential in indoor applications. 

Although perovskites at the moment achieve the highest efficiency records for indoor PVs, they suffer from 

stability issues, both in the dark and under illumination30, and use materials that raise environmental and 

health concerns18,31. In contrast, TMD solar cells avoid these drawbacks, being stable and free from toxic 

elements like lead, making them a safer and more sustainable choice for indoor applications. Moreover, 

advancements in TMD growth and device fabrication in the nanoelectronics industry20,32–35 enable low-cost 

mass production of TMD solar cells36, rendering TMD solar cells an excellent candidate for indoor PVs. 

Figure 7b compares the average power requirement of various IoT communications protocols and the 

range of power outputs from 10 cm2 TMD solar cells under various indoor light spectra at 500 lux. This 

figure shows that the power output of these TMD solar cells is sufficient to support a range of low-power 

network protocols essential for IoT applications, such as RFID (Radio Frequency Identification), LoRA 

(Long Range) backscatter, passive Wi-Fi, BLE (Bluetooth Low Energy), ANT, and Zigbee. These protocols 
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are critical for ensuring efficient, reliable data transmission within indoor IoT networks. By meeting and 

potentially exceeding the power demands of current IoT protocols, TMD solar cells could be a key compo-

nent in advancing sustainable IoT infrastructures.  

IV. CONCLUSIONS 

We examined the potential of TMD solar cells for indoor energy harvesting, specifically assessing the per-

formance of MoS2, MoSe2, WS2, and WSe2 of various thicknesses and under various indoor lighting con-

ditions, including CFL, LED, halogen lighting, and low-light AM 1.5 G. Our detailed balance model incor-

porates material-specific optical absorption data and accounts for various recombination mechanisms, in-

cluding radiative, Auger, and SRH processes. We find that TMD solar cells can outperform existing indoor 

PV technologies, with power conversion efficiency limits up to 36.5% under fluorescent lighting, 35.6% 

under LED, 11.2% under halogen lighting, and 27.6% under low-light AM 1.5 G, at 500 lux. With today’s 

material quality, TMD solar cells can achieve up to 23.5% under fluorescent lighting, 23.5% under LED, 

5.9% under halogen lighting, and 16.3% under low-light AM 1.5 G, at 500 lux. These efficiencies suggest 

the viability of TMD solar cells for powering IoT devices within indoor environments. Future work will 

need to focus on further refining the electrical and optical designs of TMD solar cells to fully capitalize on 

their high-efficiency potential and adapt them for broader commercial applications. 

Methods: The detailed balance equation governing the current density–voltage characteristics of the solar 

cell and the method to extract the performance metrics, i.e. short-circuit current density, open-circuit volt-

age, fill factor, and power conversion efficiency is explained in detail in Supplementary Note 1. The code 

developed to solve the detailed balance equation is provided in the Code Availability section.  

Data Availability: The data that support the findings of this study are available from the corresponding 

author upon reasonable request. 

Code Availability: Code to replicate the main findings of this study can be found on GitHub at 

https://github.com/fnitta/indoor-photovoltaics-efficiency-limit.  
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Supplementary Note 1. Extended detailed balance method incorporating radiative, Auger, SRH re-

combination, and free carrier absorption, and different indoor spectra. 

Based on the Tiedje-Yablonovitch model37, the detailed balance equation that defines the current density–

voltage ("# $) characteristics of an optimized solar cell with an intrinsic or lightly-doped absorber film, 

characterized by equal electron (%) and hole density (&) under illumination, is applicable under the presence 

of radiative emission, Auger recombination, and free carrier absorption. The equation that governs this "# $ 

relationship is as follows: 

'() * +,-./0 123 '4$560778.9:;<=9:> 6;?: ?@ * A%B C "DE4/ 9+ F G; (1) 

Here, () is the free carrier absorption coefficient, - is the refractive index of the absorber film, / is the 

thickness of the film, 4 is the elementary charge, $ is the output voltage, 5 is the Boltzmann constant, 6 is 

temperature, 8.9:; is the absorptance (absorption probability) at photon energy :, <E9:> 6;?:?@ is the 

flux of black-body photons for a photon energy interval ?: and solid angle ?@ in a medium with refractive 

index of -, A is the Auger coefficient, % is the electron (and hole) density, 
HIJKL  is the volume rate of gener-

ation of electron-hole pairs by the sun, and G is the fraction of the incident solar flux that is drawn off as 

current into the external circuit. 8.9:;, <E9:> 6; and "DE are defined as: 

8.9:; C (.9:;(.9:; * ()9:; * +,-./ (2) 

<E9:> 6; C MNB -.O. :.123P +:56 F +Q (3) 

"DE CR74S9:;8.9:;?: (4) 

where (.9:; is the optical absorption coefficient at photon energy :, N is the Planck constant, O is the speed 

of light in vacuum, and S9:; is the one of the four indoor spectra we employed for this work. In Equation 

(1), the terms on the left-hand side sequentially represent the rates of free carrier absorption, radiative emis-

sion, and Auger recombination. Conversely, the terms on the right-hand side describe the generation rate 

of electron-hole pairs and the solar cell's output current, respectively. To include Shockley-Read-Hall 

(SRH) recombination into this model, we add SRH recombination rate TUVW to the left-hand side of Equa-

tion (1):  

'() * +,-./0 123 '4$560778.9:;<=9:> 6;?: ?@ * A%B *RTUVW RC "DE4/ 9+ F G; (5) 



16 
 

Carrier lifetimes associated with each recombination mechanism, !X and !Y for electrons and holes, respec-

tively, can be defined as: 

!X CRZ%T  (6) 

![ CRZ&T  (7) 

where Z% and Z& are the disturbances of the electron and hole populations from their equilibrium values %\ and &\, respectively, and T is the recombination rate. For an intrinsic or lightly-doped absorber film 

under illumination:  

% C & ]R%\> &\ (8) Z% C Z& ^ %  (9) 

Thus, the SRH recombination rate can be written as: 

TUVW CR %!UVW (10) 

Combining Equations (5) and (10) leads to the following: 

'() * +,-./0 123 '4$560778.9:;<=9:> 6;?: ?@ * A%B *R %!UVW RC "DE4/ 9+ F G; (11) 

Equation (11) represents the detailed balance equation governing the current density–voltage characteris-

tics of optimized solar cell having an intrinsic or lightly-doped absorber film (i.e., N = P under illumination) 

in the presence of radiative emission, Auger recombination, free carrier absorption, and SRH recombination 

with the characteristic carrier lifetime !UVW. In the absence of free carrier absorption, Equation (11) sim-

plifies further: 

"\123 '4$560 * 4/A%_B4`a 'b4$M560 * 4/!UVW%_123 ' 4$M560 RC "DE9+ F G; (12) 

where %_ is the intrinsic carrier density and "\ is defined as: 

"\ C R4c7<)9:;8.9:;?: (13) 

To derive the current density–voltage characteristics of the solar cell, G is varied from zero to one, which 

corresponds to output current density (") of zero to "DE. The output voltage ($) is then calculated by solving 

Equation (12). From these "# $ characteristics, performance metrics are extracted as follows: 

$de C R$9" C f; (14) 
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"Ue C R"9$ C f; (15) 

&ghh C ij29k l $; C Rk l $9R?9k l $;?$ C f; (16) 

mm C R &ghh$de l "UeRR (17) 

&A: C R&noo&_=  (18) 

where $de is the open-circuit voltage, "Ue is the short-circuit current density, &ghh is power density at 

maximum power point (MPP), mm is the fill factor, and &A: is power conversion efficiency of the solar 

cell. &_=, the input power density, depends on the spectra and the lux level, and the calculated values are 

listed in Supplementary Table 1.  
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Supplementary Note 2. Extrapolation of halogen lamp spectrum using blackbody radiation for-

mula. 

 

Halogen lamps, which operate by heating a tungsten filament to high temperatures within a halogen gas, 

closely mimic the emission characteristics of a blackbody radiator38. This similarity allows for the use of 

the blackbody radiation formula to extend the lamp's spectral data39, which did not cover the full range of 

photon energies emitted, especially at lower energy (higher wavelengths). We employed Planck's law of 

blackbody radiation40, expressed as 

pq9r> 6; C .[qstu )
Kvwxyz)  (19) 

where N is Planck's constant, r is the frequency of radiation, O is the speed of light in vacuum, 5 is Boltz-

mann's constant. The absolute temperature 6 of the blackbody is 2847 K, which was determined from the 

fitting of experimental data to Equation 19. This fit is shown in Supplementary Figure 1. 

 

 

 

Supplementary Figure 1 | Extrapolation of halogen spectrum at 500 lux. The original (exper-

imental) data is in orange, our extrapolation in blue. The extrapolation was performed using the 

blackbody radiation formula detailed in Supplementary Note 2. The precision of this method was 

confirmed by an R-square value of 1.00 and root mean square error (RMSE) of 2.64 × 10-5. 
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Supplementary Table 1 | Input power density across different lighting conditions. The input power 

densities (mW cm-2) for different light sources across varying illumination levels. 

 Parking garage  

(50 lux)  

Warehouse  

(150 lux) 

Office  

(400 lux) 

Retail store  

(500 lux) 

Compact fluorescent 

lamp (CFL) 

0.145 0.434 1.157 1.447 

Light-emitting diode 

(LED) 

0.175 0.526 1.402 1.752 

Halogen 2.605 7.814 20.837 26.047 

AM 1.5 G 0.432 1.297 3.459 4.324 
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Supplementary Figure 2 | Short-circuit current density (JSC) of thin-film TMD solar cells un-

der compact fluorescent lamp (CFL) illumination. JSC of a, MoS2, b, MoSe2, c, WS2, and d, 

WSe2 solar cells as a function of the TMD (absorber) film thickness and CFL illumination intensity 

at 300 K. Four CFL illumination intensities correspond to the four colors, as labeled (e.g. purple 

is at 500 lux). The JSC exhibits minimal improvement with increased film thickness at lower light 

intensities such as parking garages (50 lux) or warehouses (150 lux), reflecting near-unity ab-

sorption for higher-energy photons (above ~2.0 eV)21,41,42, which dominate the CFL spectrum at 

these intensities. In contrast, at higher intensities found in office (400 lux) or retail store (500 lux) 

settings, JSC shows more improvement as the film thickness increases, attributable to enhanced 

absorption of lower-energy photons (below ~2.0 eV). At higher film thicknesses, the JSC values 

for all materials start to plateau as the absorption reaches near-complete across the CFL spec-

trum's most relevant energy range, from ~1.5 eV to ~3.5 eV. This indicates that the materials have 

achieved their maximum potential for light absorption in this spectrum, and making the films 

thicker beyond this point will not increase the photocurrent.  
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Supplementary Figure 3 | Open-circuit voltage (VOC) of thin-film TMD solar cells under CFL 

illumination. VOC of a, MoS2, b, MoSe2, c, WS2, and d, WSe2 solar cells as a function of TMD 

film thickness, material quality (!SRH), and CFL illumination intensity at 300 K. !SRH, Shockley-

Read-Hall (SRH) lifetime. Solid lines are in the limit defect-free material (no SRH recombination), 

dashed lines with !SRH = 611 ns. Four CFL illumination intensities correspond to the four colors, 

as labeled (e.g. purple dashed and solid are at 500 lux). VOC exhibits a logarithmic decline with 

decreasing light intensity, reflecting its direct proportionality to the logarithm of the photocurrent, 

which is dependent on light intensity. Additionally, VOC decreases with increasing film thickness, 

more notably for films with an SRH lifetime of 611 ns. This decrease can be partially attributed to 

a shift in the absorption threshold towards lower photon energies as films become thicker21, ef-

fectively reducing the band gap and thus VOC. The increase in film thickness also leads to higher 

light absorption and charge carrier densities, escalating the likelihood of both radiative and non-

radiative recombination events. The pronounced VOC decline with !SRH = 611 ns underscores the 

impact of material quality on maintaining high VOC across various lighting conditions. 
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Supplementary Figure 4 | Fill factor (FF) of thin-film TMD solar cells under CFL illumina-

tion. FF of a, MoS2, b, MoSe2, c, WS2, and d, WSe2 solar cells as a function of TMD film thickness, 

material quality (!SRH), and CFL illumination intensity at 300 K. !SRH, Shockley-Read-Hall (SRH) 

lifetime. Solid lines are in the limit defect-free material (no SRH recombination), dashed lines with !SRH = 611 ns. Four CFL illumination intensities correspond to the four colors, as labeled (e.g. 

purple dashed and solid are at 500 lux). It is established that a higher VOC generally leads to a 

higher FF due to reduced recombination losses27. When considering a !SRH of 611 ns, the drop in 

both VOC and FF with increased film thickness is more pronounced, particularly under lower light 

intensities. This is because lower light intensities reduce carrier generation, and although SRH 

recombination itself decreases with lower carrier densities, the relative impact of each recombi-

nation event is greater when fewer carriers are available. As a result, both VOC and FF decline 

more sharply in these conditions, especially in thicker films where defects are more prominent. 

The more pronounced the SRH recombination, the greater the impact on the ideality factor of the 

diode and consequently on FF. This lines up with the understanding that the closer the ideality 

factor is to unity (as in the case of infinite !SRH), the higher the FF, whereas dominant SRH recom-

bination leads to an ideality factor of 2, reducing the FF. The dependence of FF on VOC also 

explains why FF decreases with increasing film thickness. As shown in Supplementary Figure 

3, VOC decreases with increasing film thickness, and FF follows the same trend.  
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Supplementary Figure 5 | Output power (Pout) of thin-film TMD solar cells under CFL illumi-

nation. Pout of a, MoS2, b, MoSe2, c, WS2, and d, WSe2 solar cells as a function of TMD film 

thickness, material quality (!SRH), and CFL illumination intensity at 300 K. !SRH, Shockley-Read-

Hall (SRH) lifetime. Solid lines are in the limit defect-free material (no SRH recombination), 

dashed lines with !SRH = 611 ns. Four CFL illumination intensities correspond to the four colors, 

as labeled (e.g. purple dashed and solid are at 500 lux). Since Pout of solar cells is the product of 

JSC, VOC, and FF, these trends are explained by the JSC, VOC, and fill factor trends in Supplemen-

tary Figure 2, Supplementary Figure 3, and Supplementary Figure 4, respectively. As ob-

served, the output power curves exhibit an inverted U-shape, which can be explained by the 

competing in-fluences of JSC (Supplementary Figure 2) and the product of VOC (Supplementary 

Figure 3) and FF (Supplementary Figure 4). As the film thickness increases, JSC improves due 

to enhanced light absorption; however, this benefit is counterbalanced by the degradation of VOC 

and FF, which is particularly pronounced when !SRH is finite at 611 ns. At lower light intensities 

(e.g., 50 lux), JSC does not increase substantially with increasing thickness (Supplementary Fig-

ure 2). Similarly, for the infinite !SRH scenario (no SRH recombination), VOC and FF experience a 

mild drop with thickness (Supplementary Figure 3 and Supplementary Figure 4). Therefore, 

the improvement in JSC with thickness is offset by losses in VOC and FF, resulting in a constant 

Pout across the range of film thicknesses considered. SRH recombination, however, leads to 

steeper decline in VOC and fill factor with thickness (Supplementary Figure 3 and Supplemen-

tary Figure 4), leading to decreasing Pout with increasing thickness. This behavior underscores 

the critical role that material quality and defect minimization plays in optimizing the power output 

of TMD-based solar cells.  
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Supplementary Figure 6 | Short-circuit current density (JSC) of thin-film TMD solar cells un-

der LED illumination. JSC of a, MoS2, b, MoSe2, c, WS2, and d, WSe2 solar cells as a function of 

the TMD (absorber) film thickness and LED illumination intensity at 300 K. Four CFL illumination 

intensities correspond to the four colors, as labeled (e.g. purple is at 500 lux). Similar to CFL 

lighting, under LED illumination, JSC enhancement with film thickness is modest at low intensities, 

like in parking garages (50 lux) and warehouses (150 lux), but better at higher intensities found 

in offices (400 lux) and retail stores (500 lux). The slightly higher JSC values under LED compared 

to CFL lighting can be attributed to the LED spectrum aligning less with the CIE Photopic Lumi-

nosity Function than CFL. Consequently, LED sources require more emitted light to achieve the 

same lux levels (Supplementary Table 1), which increases the available photon flux for energy 

conversion. For all TMD materials, JSC varies more distinctly at lower thicknesses under LED light. 

The LED spectrum's broader photon energy range at higher intensities allows for increased JSC 

in thicker films due to absorption of lower-energy photons. At higher thicknesses, JSC plateaus for 

all materials, indicating maximum potential absorption in the relevant energy range of LED light. 
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Supplementary Figure 7 | Open-circuit voltage (VOC) of thin-film TMD solar cells under LED 

illumination. VOC of a, MoS2, b, MoSe2, c, WS2, and d, WSe2 solar cells as a function of TMD 

film thickness, material quality (!SRH), and LED illumination intensity at 300 K. !SRH, Shockley-

Read-Hall (SRH) lifetime. Solid lines are in the limit defect-free material (no SRH recombination), 

dashed lines with !SRH = 611 ns. Four CFL illumination intensities correspond to the four colors, 

as labeled (e.g. purple dashed and solid are at 500 lux). With increasing TMD film thickness, there 

is a noticeable reduction in VOC, particularly when considering a finite SRH lifetime. This reduction 

is consistent with what was observed under CFL lighting. As film thickness grows, the absorption 

threshold shifts, diminishing the effective band gap and thus the VOC
21. The resulting higher carrier 

densities from this shift elevate recombination rates, with non-radiative processes having a more 

significant impact under finite SRH conditions. This relationship showcases the critical effect of 

material defects on VOC, underlining the importance of advancing material quality for improved 

TMD solar cell performance. 
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Supplementary Figure 8 | Fill factor (FF) of thin-film TMD solar cells under LED illumina-

tion. FF of a, MoS2, b, MoSe2, c, WS2, and d, WSe2 solar cells as a function of TMD film thickness, 

material quality (!SRH), and LED illumination intensity at 300 K. !SRH, Shockley-Read-Hall (SRH) 

lifetime. Solid lines are in the limit defect-free material (no SRH recombination), dashed lines with !SRH = 611 ns. As illumination intensity increases, VOC and consequently FF generally improve 

due to increased carrier generation, which helps reduce the relative impact of recombination 

losses. Under infinite !SRH conditions, FF is almost independent of light intensity and film thick-

ness, indicating a dominant role for non-radiative recombination. The consistency of FF values 

across all thicknesses in the infinite !SRH case contrasts with the decline observed at finite !SRH. 

When !SRH is finite (e.g., 611 ns), FF shows a more pronounced decrease with increasing film 

thickness, particularly at lower light intensities. This is because thicker films absorb more light, 

generating more carriers, but also increasing the likelihood of carrier recombination at defect sites, 

especially when material quality is lower (as indicated by a finite !SRH). At lower light intensities, 

while fewer carriers are generated overall, the relative impact of defects is greater because fewer 

carriers are available to be collected.  
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Supplementary Figure 9 | Output power (Pout) of thin-film TMD solar cells under LED illu-

mination. Pout of a, MoS2, b, MoSe2, c, WS2, and d, WSe2 solar cells as a function of TMD film 

thickness, material quality (!SRH), and LED illumination intensity at 300 K. !SRH, Shockley-Read-

Hall (SRH) lifetime. Solid lines are in the limit defect-free material (no SRH recombination), 

dashed lines with !SRH = 611 ns. Four CFL illumination intensities correspond to the four colors, 

as labeled (e.g. purple dashed and solid are at 500 lux). Under LED lighting, similar to CFL illu-

mination, Pout demonstrates a dependence on JSC, VOC, and FF behaviors in Supplementary 

Figure 6, Supplementary Figure 7, and Supplementary Figure 8, respectively. At lower light 

intensities (e.g., 50 lux), the Pout’s peak is less distinct due to the modest increase in JSC with film 

thickness. Pout is influenced by the trade-off between enhanced JSC from increased thickness and 

the reductions in VOC and FF, which is especially noticeable at finite !SRH. For infinite !SRH, Pout 

changes less across film thicknesses since VOC and FF are more constant. This results in a flatter 

Pout curve, indicating that defects and SRH recombination have a larger effect on Pout than radia-

tive and Auger recombination. The variation in Pout between the different material qualities (!SRH 

values) underlines the importance of material quality and defect control.  
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Supplementary Figure 10 | Short-circuit current density (JSC) of thin-film TMD solar cells 

under halogen illumination. JSC of a, MoS2, b, MoSe2, c, WS2, and d, WSe2 solar cells as a 

function of the TMD (absorber) film thickness and halogen illumination intensity at 300 K. Four 

CFL illumination intensities correspond to the four colors, as labeled (e.g. purple is at 500 lux). 

Like with CFL lighting, there is less JSC improvement at lower light intensities under halogen light-

ing, yet the increase is more compared to CFL due to the halogen bulb's broader spectral cover-

age. Under halogen lighting, JSC is comparatively higher than under CFL due to the spectral char-

acteristics of halogen light. Halogen bulbs emit across a broader spectral range with less overlap 

with the CIE Photopic Luminosity Function than CFL sources, requiring more intensity to achieve 

the same perceived brightness (Supplementary Table 1). This wider distribution of energy 

across the spectrum leads to enhanced JSC values for TMD solar cells. 
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Supplementary Figure 11 | Open-circuit voltage (VOC) of thin-film TMD solar cells under 

halogen illumination. VOC of a, MoS2, b, MoSe2, c, WS2, and d, WSe2 solar cells as a function 

of TMD film thickness, material quality (!SRH), and halogen illumination intensity at 300 K. !SRH, 

Shockley-Read-Hall (SRH) lifetime. Solid lines are in the limit defect-free material (no SRH re-

combination), dashed lines with !SRH = 611 ns. Four CFL illumination intensities correspond to the 

four colors, as labeled (e.g. purple dashed and solid are at 500 lux). Similar to CFL and LED 

lighting, VOC decreases with an increase in film thickness, more noticeably at the finite SRH life-

time of 611 ns due to increased recombination at defect sites. This reduction is attributed to the 

shift in absorption threshold with thicker films, resulting in a lower effective band gap and higher 

carrier densities that enhance recombination21.  
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Supplementary Figure 12 | Fill factor (FF) of thin-film TMD solar cells under halogen illumi-

nation. FF of a, MoS2, b, MoSe2, c, WS2, and d, WSe2 cells as a function of TMD film thickness, 

material quality (!SRH), and halogen illumination intensity at 300 K. !SRH, Shockley-Read-Hall 

(SRH) lifetime. Solid lines are in the limit defect-free material (no SRH recombination), dashed 

lines with !SRH = 611 ns. Four CFL illumination intensities correspond to the four colors, as labeled 

(e.g. purple dashed and solid are at 500 lux). With a !SRH of 611 ns, the decrease in VOC and 

consequently FF becomes more pronounced as film thickness increases, particularly under lower 

light intensities. This is because, at lower light intensities, fewer carriers are generated, and any 

losses due to recombination at defect sites have a disproportionately larger impact on the FF. In 

thicker films, where there are more potential defect sites, this effect is even more pronounced. 

Across the TMD materials, FF is quite uniform at all thicknesses for an infinite !SRH, suggesting 

minimal radiative and Auger recombination. In contrast, for a finite !SRH, FF begin the same at 

lower thicknesses but spread out as the films get thicker. This spread results from how each 

material's carrier density affects non-radiative recombination, which alters the FF.  
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Supplementary Figure 13 | Output power (Pout) of thin-film TMD solar cells under halogen 

illumination. Pout of a, MoS2, b, MoSe2, c, WS2, and d, WSe2 solar cells as a function of TMD 

film thickness, material quality (!SRH), and halogen illumination intensity at 300 K. !SRH, Shockley-

Read-Hall (SRH) lifetime. Solid lines are in the limit defect-free material (no SRH recombination), 

dashed lines with !SRH = 611 ns. Four CFL illumination intensities correspond to the four colors, 

as labeled (e.g. purple dashed and solid are at 500 lux). For an infinite SRH lifetime, Pout for all 

materials consistently rises without a peak, implying that the positive effects of increased JSC with 

thickness (Supplementary Figure 10) outweigh the negative impacts on VOC (Supplementary 

Figure 11) and FF (Supplementary Figure 12). This trend suggests that halogen light, with its 

broad spectrum, may be effectively utilized by thicker TMD films without the penalties of increased 

recombination from defects. In contrast, for a finite !SRH of 611 ns, MoS2 and WSe2 display peaks 

in Pout at certain thicknesses. This indicates that there are optimal thicknesses at which the ben-

efits of increased absorption (and hence JSC) surpass the detriments caused by higher recombi-

nation rates affecting VOC and FF, and beyond a certain film thickness, the additional material 

does not proportionally contribute to power generation under halogen illumination.   
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Supplementary Figure 14 | Short-circuit current density (JSC) of thin-film TMD solar cells 

under AM 1.5 G illumination. JSC of a, MoS2, b, MoSe2, c, WS2, and d, WSe2 solar cells as a 

function of the TMD (absorber) film thickness and AM 1.5 G illumination intensity at 300 K. Four 

CFL illumination intensities correspond to the four colors, as labeled (e.g. purple is at 500 lux). 

The JSC values under AM 1.5 G are lower than those under halogen lighting because the AM 1.5 

G spectrum has a greater overlap with the CIE Photopic Luminosity Function, resulting in less 

photon flux for the same lux levels. This characteristic necessitates a lower AM 1.5 G illumination 

intensity to match the defined indoor lighting scenarios (Supplementary Table 1), thus yielding 

a reduced JSC. 
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Supplementary Figure 15 | Open-circuit voltage (VOC) of thin-film TMD solar cells under AM 

1.5 G illumination. VOC of a, MoS2, b, MoSe2, c, WS2, and d, WSe2 solar cells as a function of 

TMD film thickness, material quality (!SRH), and AM 1.5 G illumination intensity at 300 K. !SRH, 

Shockley-Read-Hall (SRH) lifetime. Solid lines are in the limit defect-free material (no SRH re-

combination), dashed lines with !SRH = 611 ns. Four CFL illumination intensities correspond to the 

four colors, as labeled (e.g. purple dashed and solid are at 500 lux). With increasing film thickness, 

a noticeable decrease in VOC is observed, particularly when !SRH is set at 611 ns. This decline is 

attributed to a shift in the absorption threshold to lower photon energies as the TMD films thicken. 

As a result, the effective band gap decreases, which, along with the heightened absorption of 

thicker films, leads to increased carrier density and a greater chance of non-radiative recombina-

tion events, thereby reducing VOC
21. The trends align with those under other illumination conditions 

such as CFL, LED, and halogen, where the reduction in VOC is more significant with the presence 

of material defects as represented by the finite !SRH. 
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Supplementary Figure 16 | Fill factor (FF) of thin-film TMD solar cells under AM 1.5 G illu-

mination. FF of a, MoS2, b, MoSe2, c, WS2, and d, WSe2 solar cells as a function of TMD film 

thickness, material quality (!SRH), and AM 1.5 G illumination intensity at 300 K. !SRH, Shockley-

Read-Hall (SRH) lifetime. Solid lines are in the limit defect-free material (no SRH recombination), 

dashed lines with !SRH = 611 ns. Four CFL illumination intensities correspond to the four colors, 

as labeled (e.g. purple dashed and solid are at 500 lux). A finite !SRH of 611 ns leads to a marked 

decrease in VOC and thus FF with increasing film thickness. This trend largely mirrors behavior 

under CFL, halogen, and LED lighting, and it is consistent with the understanding that thicker 

films, while capturing more light, also enable more recombination events at defect sites. The FF 

reduction is more noticeable at higher thickness levels where defects have a greater influence on 

recombination. In contrast, FF remains relatively stable across various thicknesses when an infi-

nite !SRH is assumed, indicating an ideal case with negligible defect recombination.  
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Supplementary Figure 17 | Output power (Pout) of thin-film TMD solar cells under AM 1.5 G 

illumination. Pout of a, MoS2, b, MoSe2, c, WS2, and d, WSe2 cells as a function of TMD film 

thickness, material quality (!SRH), and AM 1.5 G illumination intensity at 300 K. !SRH, Shockley-

Read-Hall (SRH) lifetime. Solid lines are in the limit defect-free material (no SRH recombination), 

dashed lines with !SRH = 611 ns. Four CFL illumination intensities correspond to the four colors, 

as labeled (e.g. purple dashed and solid are at 500 lux). Similar to halogen illumination, for an 

infinite SRH lifetime, Pout for all materials consistently rises without a peak, signifying that the 

positive effects of increased JSC with thickness (Supplementary Figure 14) outweigh the nega-

tive impacts on VOC (Supplementary Figure 15) and FF (Supplementary Figure 16). However, 

like CFL and LED illuminations, when !SRH is finite at 611 ns, peaks in Pout are evident for all 

materials. Lower light intensities exhibit flatter peaks, as the gains in JSC under these conditions 

fail to fully compensate for the associated losses in VOC and FF. 
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Supplementary Table 2 | Literature reports on indoor photovoltaic devices. This table lists power con-

version efficiencies (PCE) and associated band gaps for various indoor photovoltaic devices reported in the 

literature. Band gaps listed with a superscripted, bracketed reference are taken from the referenced study, 

otherwise they are from the source in the leftmost “Reference” column. Band gaps with an asterisk ('*') 

denote these were determined using the Tauc method. '**' indicates that the lux intensity of the spectrum 

was not specified in the reference, and no spectrum was provided, leading us to apply our spectrum to 

calculate the lux. Note that, even at consistent lux levels and using the same spectra, reported values vary 

due to differences in indoor spectra across studies. 

Reference Year Technology Light 

Source 

Light Intensity 

(lux / μW cm-2) 

Band Gap 

(eV) 

PCE 

(%) 

Kao et al.43 2017 Amorphous Si  

(a-Si:H) 

CFL 500 / 162 1.70 12.69 

Rossi et al.44 2015 Single-crystal Si 

(c-Si) 

CFL 500 / 156.96 1.12[45] 6.11 

Liu et al.46 2016 Dye-sensitized 

(DSSC) 

CFL 600 / 188.1 1.66[47] 16.1 

Freitag et al.48 2017 Dye-sensitized 

(DSSC) 

CFL 1000 / 306.6 1.93[47] 28.9 

Cao et al.49 2018 Dye-sensitized 

(DSSC) 

CFL 500 / 159.1 1.50 30.8 

Michaels et al.5 2020 Dye-sensitized 

(DSSC) 

CFL 500 / 151.5 1.89 32.7 

Zhang et al.50 2021 Dye-sensitized 

(DSSC) 

CFL 500 / 159.1 1.72 32.3 

Freunek et al.23 2013 CdTe (II-IV) CFL 314.44** / 910 1.44 10.9 

Freitag et al.48 2017 GaAs (III-V) CFL 1000 / 354.0 1.42 21.0 

Antunez et al.51 2017 CZTSSe (Kes-

terite) 

CFL 500 / 75 1.34 11.89 

Lee et al.52 2016 Organic CFL 300 / 13.9 1.90 16.6 

Ding et al.53 2019 Organic CFL 1000 / 345 1.93 26.2 
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Li et al.54 2018 Perovskite CFL 1000 / 278.7 1.55* 35.2 

Li et al.8 2020 Perovskite CFL 1000 / 286.6 1.75 32.7 

Reich et al.55 2011 Amorphous Si  

(a-Si:H) 

LED 1000 / 371 1.75[45] 21.0 

Kim et al.56 2020 Amorphous Si  

(a-Si:H) 

LED 1000 / 310 1.75[45] 29.9 

Rossi et al.44 2015 Single-crystal Si 

(c-Si) 

LED 

 

500 / 164.9 1.12[45] 4.73 

Liu et al.46 2016 Dye-sensitized 

(DSSC) 

LED 600 / 179.2 1.66[47] 17.5 

Tanaka et al.57 2019 Dye-sensitized 

(DSSC) 

LED 1000 / 303.1 1.90[47] 29.2 

Teran et al.58 2015 GaAs (III-V) LED 580 / 159.5 1.42 19.4 

Teran et al.58 2015 Al0.2Ga0.8As 

(III-V) 

LED 580 / 159.5 1.67 21.1 

Ding et al.53 2019 Organic LED 1000 / 360 1.93 21.7 

Zhang et al.59 2022 Organic LED 500 / 156 1.72 28.3 

Lee et al.60 2023 Organic LED 1000 / 280 1.57 16.35 

Wang et al.61 2023 Organic LED 500 / 157.78 1.63* 29.0 

Li et al.8 2020 Perovskite LED 1000 / 279.6 1.75 35.6 

He et al.62 2021 Perovskite LED 824.5 / 301.6 1.59 40.1 

Chen et al.63 2021 Perovskite LED 1000 / 278.8 1.54 40.99 

Gong et al.9 2022 Perovskite LED 1000 / 325 1.53* 41.23 
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