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ABSTRACT

As the Internet of Things (loT) continues to grow, the demand for sustainable indoor power
sources is increasing. Indoor photovoltaics (IPVs), which are currently in development, present a
renewable solution but need to be designed to match specific light sources. While previous
studies have emphasized the role of white-light LED color temperature (CT) in determining IPV
efficiency and optimum bandgap energy, the role of color rendering index (CRI) remains less
understood. In this study, we employ detailed-balance calculations to assess the theoretical
maximum efficiency and optimal bandgap energies of IPVs under commercial white-light LED
irradiance varying in both CT (2200 K to 6500 K) and CRI (70, 80, and 90). Our results confirm
that lower CTs indeed yield higher efficiencies and lower optimal bandgaps. However, contrary to
prior assumptions that CRI has negligible impact on IPV material choice and performance, we
demonstrate that high-CRI LEDs necessitate the use of materials with significantly lower bandgap
energies for optimum efficiency. We also evaluate the performance of various IPVs at fixed
bandgaps, revealing that while optimal IPV performance is achieved with wide-bandgap materials
under lower CRI lighting, mature technologies like silicon and CdTe benefit from high-CRI
ilumination. These findings underscore the need to consider both CT and CRI in the design and
evaluation of IPVs for indoor loT applications.

The goal of the Internet of Things (loT) is to create a network of interconnected devices
that can collect and exchange data without human intervention, thereby automating tasks
and improving decision-making via data analysis, with the ultimate hope of enhancing
efficiency and productivity across various industries and aspects of daily life. However,
wide-spread implementation of the loT faces a challenge in sustainably powering a rapidly
growing number of devices—with an estimated 40 billion integrated devices by 2027."2
While many loT devices currently consume only minimal power, ranging from nW to mW,
the explosive growth of loT technologies underscores the need for utilizing sustainable
energy sources. Indoor photovoltaics (IPVs) provide a promising, renewable alternative,
offering the potential to reduce the environmental impact associated with battery
replacement and disposal.’-® While IPVs have powered rudimentary indoor devices for
decades, for example pocket calculators, and even though there is a drive towards
reducing the power needed for IoT infrastructure, the growing number of devices are
calling for efficient IPVs to be developed. Moreover, as emission profiles vary between



indoor light sources, including those of commercial white-light LEDs, and since the choice
of light source determines what material should be chosen as the photo-active
component, there is not only a need to develop efficient IPVs, but also a need to
understand how to optimize IPVs to match specific indoor lighting environments.
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Figure 1 — A, AM1.5G solar irradiance, indicating the visible range of the solar spectrum and the absorption
onset for crystalline silicon. B, Corresponding photon flux density of the AM1.5G spectrum and bandgap
edge of crystalline silicon. C, Irradiance (a = 0.1) of a typical white-light LED (here a Cree J Series LED
with CT: 5000 K and CRI: 80) and absorption onsets of DSSC, perovskite, and OPV materials used in
record-efficiency IPVs. D, Corresponding photon flux density and bandgap values for DSSC, perovskites,
and OPV materials. E, Visualization of CT, highlighting the specific values of the employed LEDs. F,
Visualization of CRI, showing how certain test colors vary with decreasing CRI.

The spectral irradiance spectrum of the Sun spans a wide range of wavelengths,
from ultraviolet (UV) to the infrared (IR), with most of its irradiance concentrated in the
visible and near-IR regions (Fig. 1A,B). Crystalline silicon (c-Si) solar cells, with a
bandgap of ~1.1 eV (Fig. 1B), corresponding to an absorption onset at a wavelength of
approximately ~1110 nm (Fig. 1A), are efficient at converting sunlight into electricity as
its (albeit indirect) bandgap is near the theoretical optimum.*® This, along with the
abundance and well-established manufacturing processes of Si, makes it a leading
material for outdoor photovoltaic applications. In contrast, indoor lighting, such as white-
light LEDs (Fig. 1C,D), not only emits at lower intensities but also within a much narrower
spectral range (often solely in the visible). This shifts the calculated theoretical maximum
to much larger values of ~1.8 to ~2.0 eV.%7 As c-Si solar cells rely heavily on absorption
in the IR (Fig. 1A,B), they are therefore less efficient in typical indoor environments.
Researchers are therefore actively exploring alternative technologies for powering indoor
loT applications. Perovskite,° organic,'®"" and dye-sensitized solar cells'?'® have optical
gaps (and therefore absorption onsets) that can be chosen to match emission profiles of
indoor light sources (Fig. 1C,D), and have shown great promise for IPV applications with
measured indoor power-conversion efficiencies ranging from 30 to 45%. Despite these
successes, IPV efficiencies are still far from their calculated theoretical maxima.®



To lay the groundwork for understanding the theoretical efficiency limits and
optimum bandgap values for IPVs, Freunek et al. used detailed-balance calculations,
employing irradiance spectra from a set of common indoor light sources.® They found that
the device efficiency was, unsurprisingly, highly dependent on how well the bandgap of
the active material matches the emission spectrum of the light sources. In fact, they
observed that the optimum bandgap for solar cells illuminated by white-light LEDs are in
the range of 1.9 to 2.0 eV, with theoretical efficiencies approaching 60%. White-light LED
emission spectra are characterized by their color temperature (CT) and color rendering
index (CRI). CT refers to the perceived warmth or coolness of a given light source
(measured in K), where a lower temperature indicates a warmer, red light and a higher
temperature indicates a cooler, blue light (Fig. 1E). CRI, which is given on a scale of 0 to
100, is a measure that indicates how accurately a given light source displays colors of an
object compared to natural daylight (Fig. 1F). A greater CRI often comes at a higher price
point and is achieved by widening the irradiance spectrum, typically by either
incorporating additional mono-chromatic LEDs into the device or by including phosphors.
While emphasis is often put on the CT of the light source within the IPV literature, that is
typically not the case for CRI. Ho et al. used a similar approach to that of Freunek et al.,
revealing, among other things, the significance of CT in influencing IPV performance;
colder, blue light generally resulting in lower theoretical efficiency at higher bandgap
values.” Using an approach of forming white-light emission from a superposition of
monochromatic LEDs, Zheng et al. found that while CT of white-light LEDs indeed is a
dominant factor controlling IPV efficiency, with the power conversion efficiency
decreasing as color temperature increases, they observed that CRI affects IPV
performance to a lesser extent regardless of the CT values.™

Building on these past reports, we here investigate the theoretical maximum
efficiencies and optimum bandgaps of IPVs modeled as if illuminated by a range of
commercial white-light LEDs with varying CT (2200 K to 6500 K) and CRI (70, 80, and
90), covering the typical range sold by manufacturers. Our analysis confirms that both the
maximum efficiency and optimum bandgap value of the solar cell varies with CT of the
LEDs. Contrary to previous reports, our calculations reveal that choice of LED CRI is
significant, with IPVs illuminated by 90 CRI white-light LEDs having slightly less maximum
theoretical efficiency at significantly lower optimal bandgap values across all CT values
investigated due to the broader emission spectral profile. However, we show that
technologies such as c-Si and CdTe benefit from illumination with high-CRI light. This
indicates the need for device engineers to account for a broader range of LED
characteristics, beyond CT alone, when designing and characterizing IPVs.

Similar to the approaches outlined above,®”:'* we utilized a detailed-balance model
to calculate the maximum power-conversion efficiency of IPVs when illuminated by a
range of commercial white-light LEDs with varying CT and CRI values. We obtained the
LED irradiance spectra as a function of wavelength, ¢,(4), directly from online data



sheets provided by Samsung (LM301Z+ and LH502D), Cree (X Lamp and J Series, and
Lumileds (LUXEON 3030 HE and LUXEON 5050). Mean values and standard deviation
of the LED irradiance spectra at 4000 K, 5000 K, and 6500 K are shown for CRI values
of 70, 80, and 90 in Fig. 2A-C, respectively. Irradiance spectra of all the individual LEDs
investigated herein are shown in the Supplementary Material (Fig. S1-3). A total of 121

irradiance spectra were used within our calculations.
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Figure 2 — Averaged, normalized emission spectra of white-light LEDs with CT of 4000 K, 5000 K, and
6500 K for different value of CRI: A, 70, B, 80, and C, 90. D, Maximum theoretical efficiency as a function
of bandgap energy for a solar cell illuminated under either standard AM1.5G conditions (gray) or illuminated
by a LEDs at different CTs and a CRI of 80. E, Maximum theoretical efficiency of a solar cell illuminated by
LEDs with different CRI values and CT of 4000 K.

While it has been pointed out that IPVs should ideally be characterized on the basis
of lighting luminance (in lux) rather than power density (in mW cm2),2 in order to make a
simple, direct comparison between all the LED spectra utilized within the present study,
and to offer an easy relationship between power output and efficiency of the IPVs, we set
all LEDs to have irradiance and therefore power density of comparable magnitude. To do
this, each irradiance spectrum was first normalized to have an area of unity,

o)

q)norm (/D = A
Jy; 00D d2

(1)

which allows us to set the irradiance of each LED to a set magnitude, via a
dimensionless factor, a,



9(A) = agnorm (). (2)

This ensures that our comparisons isolate the spectral shape (CRI and CT) at fixed and
comparable total irradiance. White-light LEDs used for indoor lighting typically emit light
at low power densities (from ~0.1 mW cm to ~10 mW cm) as compared to sunlight
(100 mW cm? for AM1.5G). For the present study, values for a that match that of typical
irradiance of indoor white-light LEDs were therefore chosen, i.e., a = 0.1 to 10.

The efficiency of a solar cell is determined by the ratio of output to input power (or
power density),

Pout
= 3)
7 Pin

While p,,: will be determined from the detailed-balance model, p;, for a given LED
spectrum can be determined by integrating the chosen irradiance spectrum across all
relevant wavelengths,

A2

P = f o(D) dA. @

A

To calculate p,,:, we begin by converting the spectral irradiance into photon flux density,
@ (E) via a Jacobian transformation,

#(E) = p(1) 15 ©)

where h is Planck’s constant, c is the speed of light in vacuum, and E is energy. If each
photon with energy exceeding the bandgap, Ej, of the active semiconductor contributes
to a single electron-hole pair, the photocurrent density can be defined via the photon flux
density as,

Z(D E
Jon(Eg) = 4 f (T) dE (6)

where q is the elementary charge. Radiative recombination is inevitable for any warm
body. Assuming ideal diode behaviour, and that the Fermi-level splitting is equal to the
external voltage, V, the lowest possible radiative recombination current density is defined
as,
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where T, is the solar cell temperature (which is assumed to be 300 K for all calculations).
Finally, the total current density, J., is due to the difference between the photocurrent
and the recombination current,

Jeot(V, Eg, Te) = Jon(Eg) — Jrec(V, Eg, Tc) (8)

and pyu: IS now given by the maximum of the product of the current density of the
illuminated cell and the applied voltage,

Pout = Max(|/eocV]) €)

Comparisons between the detailed-balance limit assuming standard AM1.5G illumination
(the well-known Shockley-Queisser limit) with equivalent calculations using indoor LEDs,
is shown in Fig. 2D,E highlighting that the maximum efficiency for IPVs approaches 60%
and is achieved with much larger bandgap values for the active semiconductor.

The averages of the calculated theoretical maximum efficiencies and optimal
bandgap energies are shown in Fig. 3A-F; the observed standard deviations within these
calculations arise from the deviations in irradiance between the various, investigated LED
spectra (Fig. 2A-C). As reported elsewhere, IPVs illuminated by LEDs with lower CT yield
the highest theoretical maximum power-conversion efficiencies at the lowest optimal
bandgaps.”'* The same trend is observed herein for all investigated LEDs regardless of
the magnitude of the irradiance (Fig. 3A,C,E). Although optimal bandgap values remain
relatively unchanged across irradiance levels, calculated efficiencies increase with
irradiance, ranging from ~51% (CRI: 90, CT: 6500 K) to ~56% (CRI: 70, CT: 2000 K) for
a = 1 (Fig. 3A) and from ~56% (CRI: 90, CT: 6500 K) to ~61% (CRI: 70, CT: 2000 K) for
a = 10 (Fig. 3E).
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Figure 3 - A, Averages and standard deviations of calculated theoretical maximum efficiencies of IPVs
illuminated by white-light LEDs (a = 0.1) with different CT values (ranging from 2200 K to 6500 K) and CRI
values (70, 80, and 90). B, Corresponding averages of calculated optimum bandgap energies resulting in
maximum theoretical efficiency. C,D, Similar calculations but with a = 1. E, F, Calculations for a = 10.

No significant differences are observed in the calculated results between LEDs
with CRI values of 70 and 80, regardless of the magnitude of the irradiance (Fig. 3A-F),
echoing the previous reports that the choice of CRI of the LEDs do not have a significant
impact on the IPVs they are illuminating. However, a deviation is observed for IPVs
illuminated by an LED with CRI of 90 yielding not only slightly lower efficiencies (~54% at
2200 Kto ~51% at 6500 K for a = 0.1), but yielding said efficiencies at significantly lower
bandgap energies (~1.72 to ~1.80 eV as compared to ~1.76 eV to ~1.92 eV for 70 and
80 CRI LEDs). This is not entirely surprising, as LEDs with CRI of 90 have broader
emission profiles, with higher emission intensities at larger wavelengths as compared to
spectra with CRI of 70 and 80 (Fig. 2A). So, while it was previously reported that CRI has
a lesser impact on solar cell device efficiency,’ we here show that once the spectral
profile of the LED becomes more complex at a CRI of 90, lower bandgap materials must
be utilized for optimal performance.

Finally, we investigate whether certain types of solar cells, spanning both mature
and next-generation cells, are affected by the choice of LED CT and CRI. To do this, we
calculate and compare the maximum theoretical efficiency at set values of the bandgap
(Fig. 4A-D): 1.1 eV (corresponding to c-Si), 1.3 eV (corresponding to GaAs) 1.5 eV
(corresponding to CIGS, CdTe, and record perovskite cells), and 1.8 eV (corresponding
to a-Si:H and various next-generation cells). The magnitude of the spectral irradiance was
set to a constant value (a = 0.1) to allow for a direct comparison.
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Figure 4 — Mean theoretical maximum efficiency and standard deviation as a function of WL-LED color
temperature for solar cells with bandgap values of A, 1.1 eV, B, 1.3 eV, C, 1.5 eV, and D, 1.8 eV when
illuminated by WL-LEDs (a = 0.1) with different CRI values (70, 80, and 90).

As observed in Fig. 4A-C, while the magnitude of the theoretical efficiency
increases with larger bandgap values as they approach the theoretical optimum, no
significant differences in IPV efficiency are, again, observed between using LEDs with
CRI of 70 and 80. However, for IPVs with bandgaps between 1.1 to 1.5 eV, the highest
theoretical efficiencies are observed for 90 CRI LEDs due to the extended irradiance
spectrum into the red. Therefore, if commercial cells such as c-Si or CdTe are employed
as IPVs, while not optimal technologies, loT devices can be powered more efficiently
under more natural and vibrant LEDs than under their low CRI counterparts. The opposite
trend is observed for IPVs with bandgaps near the optimum (1.8 eV). In this case, the cell
is not only overall more efficient but will perform better under illumination with 70 and 80
CRI LEDs. This, once more, highlights the potential application space for wide-bandgap
solar cells as IPVs as compared to mature technologies developed for residential and
commercial solar applications, and underscores that both CT and CRI should be
accounted for when characterizing IPVs with white-light LEDs.

In conclusion, while prior work has emphasized CT as the dominant factor affecting
IPV bandgap energy and efficiency, we here demonstrate that both CT and CRI need to



be accounted for as the broader irradiance spectra of high-CRI LEDs shift the optimum
bandgap energies to significantly lower values while also slightly reducing the maximum
theoretical efficiency. We show that the choice of white-light LEDs should be carefully
considered when designing and deploying IPVs, and that IPVs with bandgaps of ~1.72
to ~1.8 eV should be employed in high-CRI environments whereas IPVs with bandgaps
of ~1.76 to ~1.92 eV should be employed in lower-CRI environments. Furthermore, we
confirm previous notions that next-generation wide-bandgap materials should offer
superior efficiency under typical indoor lighting scenarios, and we highlight that mature
technologies (such as c-Si and CdTe) benefit from illumination with high-CRI light. Our
work underscores the importance of accounting for both CT and CRI when developing
and characterizing IPVs. These insights can guide IPV deployment in real-world
environments such as smart homes, retail, or industrial monitoring, where lighting choices
may vary significantly.
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SUPPLEMENTARY MATERIAL

On the Role of Color Temperature and Color Rendering Index of White-
Light LEDs on the Theoretical Efficiency Limit of Indoor Photovoltaics
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White-light LED irradiance spectra
Allirradiance data were plot digitized from publicly available datasheets obtained directly from the
suppliers’ websites (links provided in captions below). We used the online plotdigitizer tool,
plotdigitizer (https://plotdigitizer.com/app). While care was taken, the authors acknowledge that
errors could have been introduced during the digitizing process; however, we anticipate these to
be minor and not significantly affecting the calculation results presented herein.
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Figure S5 — Normalized irradiance spectra of Samsung LM301Z+ (link) and LH502D
(link) white-light LEDs.
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Figure S6 - Normalized irradiance spectra of Cree X Lamp (link) and J Series (link)

white-light LEDs.

Lumileds LUXEON 3030 HE
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Figure S3 - Normalized irradiance spectra of Lumileds LUXEON 3030 HE (link) and

5050 (link) white-light LEDs.


https://www.cree-led.com/products/leds/xlamp/
https://www.cree-led.com/products/leds/j-series/
https://lumileds.com/products/mid-power-leds/luxeon-3030-he/
https://lumileds.com/products/high-power-leds/luxeon5050/

