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1. Introduction

Wearable and portable electronic devices, wireless sensors, and
themany components comprising the so-called internet of things
have already become important tools in our daily lives.[1,2] It is
expected that the application of smart sensor networks monitor-
ing, e.g., environmental pollution or processes in industry or
logistics will significantly increase the number of low-power elec-
tronic components in the future. Today, mostly batteries are used
as power sources for these devices. This requires periodic
replacement or recharging of the power sources. Considering
the large number of distributed sensor networks or wearable
health diagnostics devices that will be used in the future, it
may not be desirable from an environmental, resource, safety,
and cost perspective to power all these systems with batteries.
As most of these systems will be operated predominantly
indoors, there is a limited number of energy harvesting
technologies available to provide power remotely. Heat
(thermoelectricity),[3–5] mechanical vibration/movement
(piezo- and tribo-electricity),[6,7] harvesting energy from radio
frequencies available in the environment,[8] and ambient light
(photovoltaics [PVs])[9] have been considered in detail. Under

typical indoor conditions, all of them pro-
vide only moderate/low power density,
and converting ambient light into electric-
ity appears to be the most promising power
source.

PV is a technology that directly converts
light into electricity. PV is considered to be
one of the key renewable energy sources in
the future and is already widely used to con-
vert solar radiation into electricity. PV devi-
ces comprise at least a semiconductor
absorber and two electrical contacts. To
achieve the best performance, the bandgap
of the semiconductor needs to be matched
to the spectrum of the radiation the device

is exposed to under operation. There is a critical difference
between indoor and outdoor PV systems as the emission spectra
and power densities of the light sources available to them are
different. While the solar radiation spectrum is widely distrib-
uted from the ultraviolet (UV) to the infrared (IR) region over
the range of 280–4000 nm, the emission spectra of indoor light-
ing generated by fluorescent lamps (FLs) or white light-emitting
diodes (LEDs) are typically limited to the visible range of
400–700 nm.[10] Therefore, the bandgap of PV devices optimized
for indoor radiation can be much larger compared to solar cells
optimized for outdoors. In addition, the incident power density
of these indoor light sources (typically 0.1–1mW cm�2) is
approximately two to three orders of magnitude lower compared
to solar radiation (AM 1.5G, 100mW cm�2) allowing different
device designs for indoor and outdoor PV.

The low power density available indoors does limit also the
applicability of PV cells. The only devices will low power con-
sumption can be powered self-sufficiently. Often supercapacitors
or small batteries will be added as energy buffers. As the available
radiation density is low, the power conversion efficiency (PCE) of
indoor solar cells should be as large as possible. This can be
achieved by matching the optical properties of the solar cell to
the spectrum of the indoor light source. For this various emerg-
ing PV technologies,[11,12] significant advantages are offered.
While the bandgap of silicon- or CdTe-based solar cells is fixed
and almost ideal for harvesting solar radiation, the bandgap of,
e.g., organic, dye-sensitized, or perovskite solar cells can be easily
adjusted by tuning the chemistry of the semiconductors. In addi-
tion, the manufacturing processes of most emerging PVs are
believed to be very simple, cheap, and potentially environmen-
tally friendly. Devices can be processed on flexible and light-
weight substrates simplifying their integration into sensor or
portable devices.[13] These advantages have led to a renaissance
of indoor PV (IPV) driven by the research community working
on emerging solar cell technologies.
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Emerging photovoltaic (PV) technologies are considered to be excellent
candidates to be used as power sources for indoor and low-light applications.
The already demonstrated high power conversion efficiencies (PCEs) and the
potential to manufacture perovskite, organic, or dye-sensitized solar cells at low
cost make them particularly interesting. In this work, the maximum PCE of PV
devices under low-light conditions is explored. The role of spectral mismatch,
non-radiative recombination, and parasitic Ohmic losses is investigated. The
performed calculation provides guidelines to improve the low-light performance
of PV devices for ambient light. In addition, a simple measurement procedure for
the indoor PCE is discussed.
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In this manuscript, the efficiency limits of IPVs will be
discussed. The importance of radiative recombination, the role
of shunt and series resistance, and the effect of a bandgap mis-
match will be addressed. In addition, a procedure to determine
the PCE of solar cells operated under indoor conditions is pro-
posed. As there are no standard measurement procedures, cali-
brated light sources, and photodetectors available for the
characterization of solar cells under indoor conditions, different
light sources, light intensities, and measurement tools have
been used in reports available in the literature. This makes a
comparison of results very difficult.

2. Efficiency Limit of IPV

In 1961, W. Shockley and H. J. Queisser reported the “Detailed
Balance Limit of Efficiency of p–n Junction Solar Cells”.[14] In
their calculations, they assumed perfect absorption with each
photon creating exactly one electron–hole pair, perfect collection
of carriers, and radiative recombination as the only allowed
recombination mechanism. The solar spectrum was approxi-
mated by the radiation of a black body with a temperature of
6000 K while the solar cell was operated at room temperature.
Shockley and Queisser report maximum PCEs in the range
of 30%.

For the calculations presented here, a model proposed by Rau,
Vandewal et al. and Tress et al.[15–17] which includes the effect of
non-radiative recombination, is applied. Wolfram Mathematica
11.2 was used for the calculations. In the following, briefly the
set of equations is discussed (for a more elaborated derivation,
see ref. [15]). Equation (1a–c) describes the photocurrent density
JPH, recombination current density in thermal equilibrium J0,
and the voltage dependence of the current density J.

JPH ¼ q
Z

EQEPV λð Þ �ΦLS λð Þdλ (1a)

J0 ¼ q
Z

EQEPV λð Þ �ΦBB λð Þdλ (1b)

J Vð Þ ¼ J0
EQEEL

e
qV
kBT � 1

� �
� JPH (1c)

where q is the unit charge and EQEPV is the external quantum
efficiency of the solar cell, which is defined as the number of
electrons delivered by the solar cell under short-circuit conditions
divided by the number of incident photons. In this work, EQEPV
is equal to 0 for every wavelength λ> λG and constant (often
equal to 1) for λ< λG. λG defines the onset of absorption of
the photoactive material. ΦLS is the spectral photon flux provided
by the illumination source; ΦBB is the spectral photon flux from
the environment assuming an ideal black-body radiation at
300 K. V is the voltage applied to the device and EQEEL is the
external electroluminescence quantum yield given by the num-
ber of photons extracted from the cell divided by the number of
injected electrons. EQEEL can be measured in the dark when the
device operates as an LED driven with the injection current com-
parable to the recombination current of the solar cell when oper-
ated under illumination and open-circuit conditions. EQEEL
should be closely related to the radiative recombination quantum

yield in the semiconductor material. For the calculations, a light
source with delivers a constant spectral photon flux between 400
and 700 nm (Figure S1, Supporting Information) is assumed.
This is an idealized illumination spectrum which simplifies
the performed calculations and includes the contributions of
high and low energy photons which only moderately contribute
to the illuminance.

L ¼ Km

Z
hc
λ
ΦLS λð ÞV λð Þdλ (2)

To adjust the illuminance of the light source to typical indoor
levels, Equation (2) is used. Here, L is the illuminance, Km is a
constant representing the maximum luminous efficiency
(Km= 683 lmW�1), V(λ) denotes the spectral luminous effi-
ciency function for human photopic vision, and h is the Plank
constant. To account for resistive losses, a simple replacement
circuit with a shunt and a series resistance (RSH, RS) is used.
This results in the current–voltage characteristics described by
Equation (3).

J Vð Þ ¼ J0
EQEEL

e
q V�JRsð Þ

kBT � 1
� �

þ V � JRsð Þ
RSH

� JPH (3)

Figure 1 illustrates the effect of non-radiative recombination
on the solar cell performance. The calculations were performed
using Equation (1a–c). The illuminance was set to 1000 Lux
which corresponds to an intensity of 4.27Wm�2. In addition,
for all calculations, EQEPV is equal to 0 for every wavelength
λ> λG and equal to 1 for λ< λG. This corresponds to a solar cell
with ideal optical properties.

The calculations show that the maximum efficiency is
achieved when the absorption of the solar cell and the emission
spectrum of the light source perfectly overlap. The maximum is
found to be quite distinct and a small mismatch leads to signifi-
cantly lower efficiencies. Reducing the EQEEL leads to a reduc-
tion (�60mV per decade) of the open-circuit voltage and the
electrical fill factor. The short-circuit current is not affected.
Overall, the maximum conversion efficiency drops from
�53% (EQEEL= 1) to �38% (EQEEL= 10�6). An EQEEL in the
range of 10�3 is typically found for perovskite solar cells[18] while
organic solar cells usually show much smaller values for EQEEL
(�10�6).[19] The calculated recombination current density J0 as a
function of absorption onset of the semiconductors is shown in
Figure S2, Supporting Information. In contrast, changes in the
light intensity do not have a significant impact on the efficiency
of an ideal solar cell. PCEs of �55% and �52% are calculated for
an illuminance of 5000 Lux and 200 Lux, respectively (Figure S3,
Supporting Information). Using Equation (3), the influence of
the series and parallel resistors can be evaluated. Figure 2a sum-
marizes the effect of Rs on the device PCE. For the calculations,
RSH was set to 10 GΩ cm2, the illuminance to 1000 Lux, and
EQEEL to 1. Due to the very small photocurrents generated by
the device, the Ohmic losses over Rs are very small and the
PCE barely changes even for Rs= 200Ω cm2. For comparison,
for state-of-the-art perovskite or organic solar cells comprising
a transparent indium-doped tin oxide (ITO) and a thin metal
electrode, Rs values in the range of 1Ω cm2 are observed. The
presented calculations show that, for indoor devices, the
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expensive ITO electrode could be replaced by a less conductive
transparent layer, e.g., the conductive polymer poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS).

PEDOT:PSS can easily be deposited on different substrates by
simple coating or printing processes. Thin layers are highly

transparent and form flexible and stretchable electrodes. The role
of the shunt resistance RSH is illustrated in Figure 2b. The PCEs
calculated for 200 Lux and 1000 Lux are plotted versus RSH. As a
rule of thumb, RSH should be much larger than Voc/Jsc.
Considering the ideal solar cell from above (Rs«1Ω cm2,

Figure 1. Calculated power conversion efficiency (PCE), open-circuit voltage, electrical fill factor, and short-circuit current density as a function of the
absorption onset wavelength of the solar cell. For the calculations, Equation (1a–c) was applied. An illumination source with constant photon flux between
400 and 700 nm, an illuminance of 1000 Lux and EQEPV= 1 was assumed.

Figure 2. a) Effect of the series resistance Rs and b) effect of the shunt resistance RSH on the PCE of an ideal solar cell. For the calculations, Equation
(1a–c) and (3) were applied and EQEPV was set to 1.
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RSH»1Ω cm2), we find that Voc/Jsc� 7.4 kΩ cm2 for 1000 Lux
and �36 kΩ cm2 for 200 Lux illuminance. Figure 2b confirms
these findings. To maintain the full performance, the leakage
current through the resistor RSH needs to be much smaller com-
pared to the photocurrent delivered by the solar cell. This means
that indoor devices operated at very low-light intensities (a few
hundred lux) need to have a shunt resistance in the
MΩ� cm2 range. This can be a challenge, e.g., for organic
but also perovskite solar cells. Due to the very thin photoactive
layer (<1 μm), it is a common issue that the absorber layer does
not fully cover the substrate. Pinholes and defects leading to
microshunts are formed around substrate imperfections,
due to particles present in the printing ink substrate or formed
during the device manufacturing process. For large RSH, the
number of shunt defects needs to be as small as possible.
There are different device designs[20] (pin or nip) available for
organic photovoltaic (OPV) and perovskite solar cells which
can be utilized for the optimization of the shunt resistance for
a gives absorber material. The quality of the photoactive layer
of a solar cell can easily be evaluated using electroluminescence
spectroscopy or photothermal imaging.[21,22] In some cases,
applying short voltage pulses to the solar cell can remove micro-
shunts and improve the low-light performance of the device.[23]

The performed calculation shows that high PCEs can be
achieved by 1) matching the semiconductor absorption to the
emission spectrum of the used light source; 2) selecting
semiconductors with high radiative recombination yield; and
3) manufacturing devices with a large shunt resistance.

All these requirements also apply to PV devices used for solar
radiation harvesting. The calculations also show that a low series
resistance is less critical for high PCEs. This allows the applica-
tion of alternative electrode materials and solar cell designs and
may reduce the overall costs of the devices.

3. Determination of PCE

The characterization of solar cells operated under ambient artifi-
cial lighting such as FLs or LEDs has been very challenging.[24,25]

B. H. Hamadani et al.[26,27] and S. Winter[28] proposed an char-
acterization procedure using a calibrated reference diode. Only
recently, the International Electrotechnical Commission (IEC)
has issued a technical specification for a device evaluation
method for indoor light (IEC TS 62 607-7-2).[29] The National
Institute of Standard and Technology (NIST) does offer cali-
brated reference PV cells for indoor light measurements.
NIST calibrates reference IPV cells for several different reporting
conditions, including three different types of LED lighting and
one fluorescent lighting source.[30] However, as reference diodes
and standardized light sources are not available in all laborato-
ries, many researchers have used illuminance meters for the esti-
mation of the irradiance and to report values in lux (lx= lmm�2).
Knowing the relative spectral intensity (RSI) distribution of the
light source, Equation (2) can be used to calculate the light inten-
sity. However, as two different light sources with identical illu-
minance at the measurement plane can have substantially
different irradiance output, the electrical output of a solar cell
characterized under the two light sources may be very different.

For a precise measurement of the PCE of a solar cell, the irra-
diance at the position of the device needs to be known. For the
calculation of the illuminance, the spectral irradiance needs to be
determined. In the following, a procedure is proposed that
should allow a reliable characterization of solar cells under
indoor conditions using a spectrum color meter, a lux meter,
and a setup to measure the external quantum efficiency of the
studied solar cell. In addition, a light source with a spectral
irradiance matching the sensitivity of the color meter should
be selected. As a first step, the illuminance of the light source
at the sample position is measured using a calibrated lux meter.
Ideally, a device with NIST traceable calibration is available for
this measurement. The lux meter can also be used the check the
lateral homogeneity of the illuminance. In the second step, the
RSI is measured using a full-spectrum color meter. For this,
measurement devices used in photography can be used. The
measured illuminance and RSI allow the calculation of the inten-
sity, the spectral irradiance, and the spectral photon flux (ΦLS) at
the sample location. External quantum efficiency (EQEPV) is a
standard measurement in laboratories manufacturing PV devi-
ces. Usually, the spectral photocurrent of a reference diode
and the device of interest are measured, which allows the calcu-
lation of EQEPV. Using Equation (1a), the photocurrent density of
the solar cell, expected for the photon flux ΦLS can be calculated.
In the last step, the solar cell is placed in the same position the
illuminance and RSI were measured and a current density–
voltage curve is recorded. The characterization procedure is
summarized in Figure 3.[31]

The measured short-circuit current density and the calculated
photocurrent density should be identical. Large deviations
between the calculated and the measured current densities
indicated inconsistencies in the measurement procedure and
suggested a poor accuracy of the derived device efficiency.
Repeating the measurements at different light intensities can
be used to improve the confidence level of the experimental data.
Similar to the characterization of solar cells under AM1.5G,
deviations of �5% between the measured and the calculated
short-circuit current can be considered to be sufficient.

Figure 3. Indoor efficiency measurement procedure.
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4. Indoor Efficiencies of Emerging PV Technologies

To estimate the efficiency limit of state-of-the-art solar cells, in
addition to the losses discussed earlier, optical losses need to
be considered. This can be done by reducing the EQEPV. Best
solar cells show external quantum efficiencies in the range of
85%–90%.[32] Including the reduced EQEPV into the calculations
earlier, one expects PCEs in the range of �40% for perovskite
solar cells (EQEEL �0.1%) and �30% for organic and dye-
sensitized solar cells when the bandgap of the absorber and
the emission spectrum a well matched and a light source with
broad emission in the visible spectral range delivering
1000 lux illuminance at the sample position are assumed.
Even higher efficiencies can be achieved when light sources with
more intensity in the red and near-infrared spectral region are
applied. For a narrow emission between 600 and 700 nm
with an illuminance of 1000 Lux (Figure S1, Supporting
Information), a PCE> 60% is calculated (Figure S4, Supporting
Information). The spectral shift leads to higher photocurrents with
similar open-circuit voltages and electrical fill factors. The higher
light intensity also supports the efficiency increase.

Indoor efficiencies reported in the literature (Table 1) are in
good agreement with the performed calculations. Although
different light sources, light intensities, and measurement con-
ditions were applied making a direct comparison difficult, a PCE
of �40% was reported for perovskite solar cells, and 30%–40%
PCE was found for organic and dye-sensitized devices.

In addition to a bandgap optimization, the most promising
approach to increase the indoor PCE of perovskite, organic,
and dye-sensitized solar cells is the reduction of non-radiative
recombination. This can be achieved by developing more emissive
semiconductors, by the reduction and/or passivation of bulk and
surface defects, and by the optimization of the semiconductor–
ontact interfaces. Increasing EQEEL is also one of the key
research strategies of the solar PV community. Although the
bandgap of semiconductors used in optimized outdoor and
indoor solar cells will be different, novel interface materials or
defect passivation moieties developed for outdoor solar cells
may also be useful for indoor devices. For organic solar cells,
the introduction of non-fullerene acceptors has led to more radi-
ative recombination compared to the solar cells with a donor
polymer and a fullerene acceptor.[19] Although non-radiative
recombination is still the dominant process even in OPVs with
a PCE of 18%, designing new electron acceptor materials is a
promising strategy to enhance radiative recombination in
OPVs. The bandgaps of various emerging PV technologies

can easily be tuned. For organic solar cells, the π-conjugated
structure of the donor and the acceptor, and for dye-sensitized
solar cells, the chemical structure of the dye adsorbed to the
nanoporous TiO2 determine the bandgap of the absorber layer.
Several different approaches are available to tune the optical
properties of perovskites.[33] A partial substitution of iodide by
bromide ions, using different cations, or building 2D/3D perov-
skite crystals are among the most popular approaches.

Overall, perovskite PV devices appear to be the most promis-
ing candidates for indoor applications at the moment. In the last
few years, a lot of progress has been made in reducing the effi-
ciency losses in these devices. However, most perovskite devices
are based on lead-containing salt leading to environmental and
health concerns. It is still unclear whether or not they can be inte-
grated into disposable consumer products and deployed on a
large scale. Organic and dye-sensitized solar cells are also excel-
lent candidates for IPV applications. Both have been manufac-
tured on a small scale for several years. Their environmental
impact is expected to be much smaller compared to perovskite
solar cells. All three technologies have in common that the
manufacturing costs are still not fully understood. Especially
for indoor products, only small volumes will be manufactured
and it will be difficult to utilize any economy of scale.

5. Summary

In this manuscript, the PCE of PV devices operated under typical
indoor conditions was discussed. By applying a simple model
including the effect of non-radiative recombination and
Ohmic losses, the maximum conversion efficiencies were calcu-
lated. An alignment of the absorption spectrum of the device and
the emission spectrum of the used light source and very low lev-
els of non-radiative recombination are essential to achieve high
PCEs. The model is also used to estimate the indoor performance
of perovskite, organic, and dye-sensitized solar cells. Efficiencies
in the range of 35%–45% are found which is in good agreement
with data reported in the literature. The calculations also show
that the calculation results are very sensitive to the applied light
source.

Overall, perovskite, organic, and dye-sensitized solar cells
appear to be good candidates for indoor applications. Their
environmental impact and the manufacturing costs may decide
which technology will be commercialized first.
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Table 1. Indoor efficiencies of different PV technologies.

PV technology Indoor efficiency [%] Illuminationa) Reference

Amorphous silicon PV 19–21 1000 Lux LED [34]

Dye-sensitized PV 38 1000 Lux FL [31]

Organic PV 31 1650 Lux LED [35]

Perovskite PV 41.2 1062 Lux LED [36]

Quantum dot PV 19.5 2000 Lux FL [37]

a)FL= fluorescent lamp and LED= light emitting diode.
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