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ABSTRACT

Indoor photovoltaic (IPV) devices are poised to make a significant contribution to the proliferation of the “Internet of Things” (IoT). For the
accurate intercomparison of IPVs (and, hence, to advance the rational development of the technology), lighting conditions representative of
those in typical indoor settings must be created reproducibly. As indoor lighting is invariably broadband, this will typically require the use of
optical attenuation to achieve varying irradiance conditions at the device under test location. However, most forms of optical attenuation will
suffer from some degree of spectral dispersion, creating sources of uncertainty for key figures of merit, such as power conversion efficiency.
In this work, we examine the contribution of the mode of optical attenuation to the accurate characterization of IPV systems. We discuss
requirements for broadband light source attenuation for the accurate characterization of photovoltaic devices under indoor illumination and
consider the importance of using suitable reference devices for light intensity calibration. Furthermore, we experimentally verify attenuation
methods typically used, including power control of the light source itself, use of neutral density filters, and advanced attenuation based on
tandem prism attenuators. Finally, spectral shape alteration-induced uncertainties in performance parameter determination of photovoltaic
cells under indoor illumination are quantified for three common broadband light attenuation methods, where we found ~2%, ~6%, and
up to ~15% ambiguity in photovoltaic device efficiency when using LED power control, prism attenuators, and neutral density filter-based
broadband light attenuation, respectively.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0159289

INTRODUCTION energy make them particularly well-suited for IPV applications, thus
driving further interest and exploration in this domain.

Over the past few years, indoor photovoltaic (IPV) technol- As new PV materials and devices are being developed for
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ogy has witnessed notable advancements in device efficiency and
fabrication development.'” As a result, IPV has emerged as a
promising solution for powering Internet of Things (IoT) devices
that are widely utilized in various fields such as electronics, sensing,
and machine learning via the harvesting and utilization of ambi-
ent light.””* Compared to outdoor photovoltaics, IPV technology
presents fewer complexities thanks to the relatively lower light lev-
els and gentler operating conditions typically encountered indoors.
These favorable conditions contribute to enhanced device longevity,
which opens up new possibilities for solution-processed semicon-
ductors such as perovskites and organic materials.”"’ The tunability
of the energy bandgap of these materials and their low embodied

IPV use, the lack of standardized light sources (LSs) (in terms of
both spectrum and irradiance) for IPV testing complicates their
development as different loss mechanisms dominate at different
intensities.”'” Real-world IPV devices operate under variable con-
ditions, requiring benchmarking with a range of lighting condi-
tions.'® Accurate characterization of IPV devices is necessary for
their development, with research focusing on experimental factors
such as spectral validation, illumination masks, stray light, and radi-
ation uniformity.'”'® Subsequently, measuring IPV devices under a
range of irradiances reflects real-world scenarios and helps to iden-
tify dominant power conversion efficiency (PCE) loss mechanisms
essential for optimizing IPV development.'’
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Light intensity-dependent photocurrent (IPC) measurement
has been previously reported as a powerful tool for understanding
photovoltaic device fundamentals.”””" In particular, this experimen-
tal technique can identify different photocurrent loss mechanisms
that are effective at different intensities. IPC provides insight into
the varying performance-limiting factors, including trap-assisted
recombination, bimolecular recombination, the build-up of space-
charge due to imbalanced mobility of charge carriers, and series
resistance limitations.”” Experimentally, IPC measurements are typ-
ically conducted by varying the irradiance at a single wavelength
over orders of magnitude. This can be achieved using a laser light
source with variable output power in combination with an attenu-
ator, for example, a series of neutral density (ND) filters, resulting
in a quasi-continuum of points in the irradiance regime of interest.
Prior to an IPC measurement, a photodiode of known responsivity
is typically used as a reference device for light calibration. Similarly,
the measurement of the open circuit voltage’s (Vo) dependence
on irradiance can also yield insights into the operation of a PV
system.””** The IPC measurement technique discussed above, uti-
lizing a laser light source with variable output power, offers a
straightforward approach to investigating the light intensity depen-
dence of photocurrent. However, it is important to note that this
simple approach may not be as straightforward when working with
broadband sources.

The characterization of device performance under various
indoor illumination intensities is, in turn, complicated due to the
tendency of most attenuation techniques to change the spectral
shape of broadband light sources. Such an erratic phenomenon can
affect the beam quality (i.e., beam homogeneity and spectral vali-
dation) and the linearity of the calibration.”” While the latter will
inevitably be linked to errors in light intensity determination using
reference devices, the former will ultimately affect IPV cell and mod-
ule performance characterization. Such links between attenuator-
induced spectral effects of broadband light sources and related
uncertainties in device PV parameters probed under indoor illumi-
nation have not been established yet but are of utmost importance
for driving development and research in the IPV community—this
was indeed the case in the development of outdoor PV standards.

In this work, we outline the importance of considering spectral-
dependent effects when attenuating broadband light sources for IPV
characterization. We experimentally verified the attenuation meth-
ods typically used. We further consider the importance of using
suitable reference devices and demonstrate the need for spectrally
stable light attenuation from broadband light sources for IPV device
characterization. Following this, we determine the uncertainties in
device PV parameters as associated with different broadband light
source attenuation techniques.

RESULTS AND DISCUSSION

Optical attenuation of broadband light sources
with constant radiant power

In general terms, the attenuation of a light source with con-
stant radiant power can be achieved either by spatial means (similar
to changing the aperture of a camera lens) or by the interaction of
light with a medium (such as optical filters). In the former case, the
irradiance at a point at some distance from a light source can be
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modified by changing the distance between them. If the light source
is point-like, this can be approximated by the inverse square law.
However, as IPV cells or modules must have sufficient size to deliver
the required input power, there must be sufficient spatial unifor-
mity (H) across the device under test (DUT) location to measure
the devices accurately. For a point source, this can be approximated
as

Hy = (w”)/(2d7 + w*)(x100%), (1)

where w is the half-width of the device and d; is the distance
to the point light source. A full derivation is provided in the
supplementary material, Note 1. This method of attenuation is,
therefore, the most straightforward in terms of experimental appa-
ratus, and wavelength-dependent effects are minimal. However, its
practicality is limited for reproducible IPV measurements, which
require sufficient H s across the DUT location.

In situations where large-area IPV devices are to be mea-
sured at typical indoor module scales (~30 cm?), methods of optical
attenuation involving the interaction of light with a medium are
more practical. When light interacts with any medium, it can be
either transmitted, reflected, or absorbed. This can be expressed as
T+ R+ A =1, where T, R, and A are the transmittance, reflectance,
and absorptance, respectively, which are dependent on the wave-
length A. It can be convenient to describe the use of optical
components using transfer matrices, for example,

Mput = M . .. MNMsources (2)

where Msource describes the light source, Mpuyr describes the DUT
location, and M ... My are optical elements between them. The
simplest optical element to consider is the ND filter. These are
common optical components, which are described by their optical
density (OD), defined by T = 107", In the case of an ideal ND filter
used to attenuate a light source, this can be described as

Mput = MnpMsources (3)

where, in the ideal case, Mxp is the diagonal matrix with the trans-
mittance of the filter T given by the above expression, which is
constant at all wavelengths. However, no real ND filter has a con-
stant T across the broadband visible spectrum. This is true for both
reflective and absorptive ND filters, which will have some degree of
dispersion across a broadband wavelength range. Figure 1(a) shows
the normalized irradiance of an LED source plotted as a function of
wavelength (detailed information on the measurement of the LED
spectra and the conversion of the spectral photon flux to irradiance
units is provided in the supplementary material, Notes 1 and 2). The
transmittance of an ND filter is shown in Fig. 1(b). Finally, Fig. 1(c)
shows the change in spectrum shape of the LED after ND filter atten-
uation (red solid line) as compared to before attenuation (black solid
line). Noticeably, an ND filter-induced change in LED emission peak
ratio (i.e., emission peaks at ~300 nm and ~400 nm) and a noticeable
contribution of high wavelengths (i.e., >500 nm) are observed.
Another method of optical attenuation with a low degree of
spectral dispersion is the use of arrays of micromirrors, such as those
found in a digital micromirror device (DMD),”” which can reflect the
incident beam at varying angles. The irradiance at a given location
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FIG. 1. Comparison of (a) the normalized spectral irradiance of an LED source
before attenuation; (b) the transmission function of a neutral density filter (ND30B,
Thorlabs) with an optical density (OD) of 3; and (c) the resultant spectrum after
attenuation (red solid line).

can then be controlled by selecting the number of “pixels” that are
steered toward the DUT or toward baffles.”®

Varying the radiant power of an LED source

The radiant power of LED sources can be controlled by vary-
ing their driving current. However, this will cause a spectral shift in
the output spectrum. For most white (e.g., phosphor-coated blue)
LEDs, this will manifest primarily as a blueshift and increase in full
width at half maximum (FWHM) of the phosphor-related emis-
sion peak. Figure 2 shows the emission spectrum of a laboratory
LED source (Prizmatix UHP-T-LED-White) plotted as a function of
wavelength. The inset shows the corresponding blueshift in emission
peak when increasing the LED-driving current. The radiant power
of LED sources can be controlled by varying their current, although
this approach has limitations in terms of its dynamic range. Operat-
ing the LED at extremely low or high currents may not be feasible,
which restricts the range of achievable power levels. Typically, pulse-
width modulation (PWM) is employed for dimming purposes, but
this method is not suitable for accurate and precise testing of indoor
photovoltaics (IPV). Therefore, while controlling LED current alone
may not be sufficient for IPV testing, it can still be a valuable tool
when used in conjunction with other techniques.

ARTICLE pubs.aip.org/aip/ape
@
Prizmatix LED e 1
1k % 0.8 \
@ —) © \
3 = 06
g -
S 08l g 04 -
B 202 5D cumen
£ 06t 040 4d0 460
E. Wavelength (nm)
5 04f
z
0.2
0

400 500 600 700
Wavelength (nm)

FIG. 2. Normalized laboratory LED source (Prizmatix UHP-T-LED-White) spectrum
plotted as a function of wavelength. The inset shows the blueshift seen in the LED
emission spectrum at ~450 nm associated with a higher input current.

Reference devices

Accurate measurement of the spectral irradiance of a light
source is a technically challenging task, and comparing the results
obtained in different laboratories under varying indoor lighting con-
ditions should be done with great care. Ideally, a spectroradiometer
should be used to calibrate the IPV test apparatus, preferably at the
location of the device under test (DUT). However, this may not be
feasible for all research groups given the different efforts in photo-
voltaic research and development. In such cases, spectral irradiance
can be calculated by separately measuring the spectral shape and
total irradiance using equipment commonly found in most research
laboratories. The calibration process for this method is discussed in
detail in an upcoming work and will be summarized for the pur-
poses of this discussion. In brief, to calibrate an IPV test setup with
this method, it is first necessary to measure the total irradiance at the
DUT location. For a known light spectrum, this can be achieved by
using reference devices with known spectral responsivity, defined as

1)
RV =z ay @)
where I(1) is the photocurrent of the reference device and E.(A)
denotes the spectral irradiance. The accuracy of calibration depends
on the degree of overlap between the incident light spectrum and
the spectral responsivity of the reference device. In the context of
IPV device calibration, the bandgap of the reference cell/module
should be considered, as this will contribute to the uncertainty bud-
get of the test setup. Figure 3(a) shows the spectral responsivity
of various commercially available reference cells suitable for this
purpose, including a silicon (Si) cell (Thorlabs FDS1010), a Si mod-
ule (ScienceTech RefQ), a Si photodiode (Newport 818-UV), and
a germanium arsenide (GaAs)-based reference cell (Rera), plotted
as a function of wavelength. The wavelength-dependent spectral
responsivity was measured at three different (wavelength-averaged)
light illuminances: ~50, ~200, and ~1000 Ix. While the dark-colored
lines in Fig. 3(a) correspond to the mean spectral responsivity, the
light-colored areas indicate the standard deviation-all four reference
devices show no drastic change in spectral responsivity, suggesting
sufficient linearity in the selected intensity regime.
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FIG. 3. (a) Spectral responsivity of four reference devices used to calibrate the total irradiance plotted as a function of wavelength: Thorlabs FDS1010 Si cell, ScienceTech
RefQ Si module, Newport 818-UV Si photodiode, and Rera GaAs reference cell. The spectral response was measured at three different light intensities: while dark-colored
lines are mean responsivity values, light-colored areas indicate the corresponding standard deviation. (b) Total responsivity shown as a function of intensity and compared for
all four reference devices. (c) Variation in normalized responsivity (ARnom) Of the reference devices when calibrating the IPV test setup as described in the supplementary
material. Here, a larger ARyom indicates a greater sensitivity to the attenuator-induced spectral changes in the test setup.

Next, the responsivity of all four reference devices was mea-
sured using our IPV test setup, as described in detail in the
supplementary material. Here, the 818-UV Si photodiode was
used for light intensity calibration, assuming intensity-dependent
spectral response and broad wavelength linearity [see Fig. 3(a)].
Figure 3(b) shows the corresponding total (i.e., wavelength-
integrated) responsivity as a function of irradiance and is com-
pared for all four reference devices. As shown, all four devices
show a non-constant responsivity over the probed intensity
regime, indicative of attenuator-induced spectral changes. In this
regard, the absolute change in normalized responsivity, as an esti-
mate for attenuator-induced spectral changes, ARnorm = RNorm,max
— RNorm,min [see Fig. 3(c)], was determined for all four reference sys-
tems, from which the GaAs shows the highest ARnorm with ~0.085, as
compared to the other three Si-based reference devices: ~0.05 (Thor-
labs, FDS1010), ~0.055 (ScienceTech RefQ) and ~0.055 (Newport,
818-UV). We note that attenuator-induced spectral changes of the
input light should be in general avoided; the corresponding atten-
uator can, however, be quite expensive and complex to program.”
Thus, when using conventional and often spectral change-inducing
attenuators, such as ND filters, tandem prisms, or mesh filters, it
is recommended to use a reference device for the light intensity
calibration process that is sensitive enough to detect those spectral
changes (i.e., a reference device with ARnorm as large as possible).

Furthermore, the spatial uniformity of the probe light at the
position of the reference cell and DUT (preferably the same) needs to
be considered. As such, photodiodes with areas significantly smaller
than those of the DUT can lead to drastic errors in the estimation of
total irradiance if the spatial uniformity is poor. On the other hand, if

bus-barred reference cells are used, it may be challenging to measure
their absolute photovoltaic external quantum efficiency (EQEpy).
In practical terms, it is, therefore, recommended to have good
spatial probe beam uniformity and to measure multiple reference
devices at the location of the DUT to minimize overall uncertainty.
The selection of appropriate reference devices requires attention to
attenuator-induced spectral changes, the selection of sensitive refer-
ence devices, consideration of spatial probe beam uniformity, and
multiple measurements to minimize uncertainty.

Comparison of IPV test setups

To demonstrate the various approaches to broadband attenua-
tion and setup calibration outlined above, an IPV characterization
apparatus comprising a 4000 K LED (Prizmatix, UHP-T-LED-
White) was built. Figure 4(a) shows a schematic of the IPV test
apparatus. To illuminate the device under test (DUT), a liquid light
guide (LLD; Prizmatix) was used to transfer the attenuated probe
light from the light source (LS) to a collimator (C; Prizmatix) directly
attached to a collimation tube (CT). Here, we consider three types
of LS attenuation that would be representative of typical equipment
available in optoelectronic characterization laboratories, including
(i) ND filters mounted onto a motor-controlled wheel with six posi-
tions in combination with LED power control, (ii) a tandem prism
attenuator (Standa), which is also motor-controlled in combination
with LED power control, and finally (iii) the LED only. Note that the
LED driver uses an internal PID controller to stabilize the output
power.
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FIG. 4. (a) Schematic of an IPV test apparatus having different light sources (LSs): (i) LED and neutral density filter wheel; (i) LED and prism attenuator; and (iii) LED only.
(b) Variation in normalized responsivity with varying types of attenuation plotted against the input light intensity.

Figure 4(b) shows the result of the initial calibration with a
NIST-calibrated silicon reference photodiode (Newport 818-UV)
with known responsivity. For comparison, the normalized respon-
sivity (R/Ry) (calculated via R = I¢/I1, where I denotes the refer-
ence photodiode current and I denotes the input light intensity)
points are plotted against the light intensity. As the only form of
attenuation, the range of irradiances achievable by varying the LED
output power (blue symbols) is only one order of magnitude (i.e.,
~107% < I; < 107> W/cm?), thus much smaller in comparison to
the prism coupler (green symbols) (about 2 orders of magnitude;
~107° < Iy < 107> W/cm?) and ND filter (red symbols) (four orders
of magnitude; ~ 107 < I < 1072 W/cm?). Despite the increased
irradiance window available to probe the photovoltaic performance
under indoor illumination, the ND filter wheel attenuation con-
tributes the largest source of spectral-induced error with a maximum
change of responsivity of up to 15%. In comparison, attenuation
induced responsivity changes, when using the LED only, are min-
imized to ~3% only. As mentioned above, lower irradiances can also
be achieved with the LED power control alone, e.g., by increasing
the distance between the collimation tube and the DUT. However,
this approach may require a lot of space and thus have limited
practicality.

Uncertainty and spectral deviation

Changes in the spectral shape of indoor light broadband
sources will inevitably influence the accuracy of light intensity cali-
bration and the performance characterization of IPV devices. To this
end, we simulated the indoor PCE intensity dependence of a ~500
nm tick, 1.79 eV bandgap FA(s5Cso.15Pb(IosBro4)s perovskite PV
device, comparing different degrees of attenuator-induced changes
in the spectral shape of a broadband light source. Details of the per-
ovskite device fabrication and performance characterization under
AM1.5 G conditions are provided elsewhere.”” For the simulations,
we used a recently introduced approach, which estimates realis-
tic limits for PCEs under any input spectrum while accounting for
radiative and non-radiative losses.””

In our calculations, we compared the above three IPV test
setups with indoor light attenuation via (i) LED power control only,
(ii) prism attenuator, and (iii) ND filters. The corresponding light
spectra at different light attenuation settings were recorded manu-
ally using a photonic multichannel analyzer (PMA-12, Hamamatsu)
and used as input spectra. The recorded spectra are shown in the
supplementary material, Fig. S1. Figures 5(a)-5(c) show the relative
changes in output spectra (I/I,) for the three IPV apparatus setups.
Here, only minor changes are observed for light attenuation via LED
power control only [see Fig. 5(a)], characterized by I/I, ~ 1 across
the wavelength regime. Minor changes at ~450 nm are caused by
the shift in the LED emission spectrum associated with a change
in input current. The prism attenuator, on the other hand, clearly
affects the shape of the broadband LED spectrum for wavelengths
>500 nm—a maximum I/, ~ 2 is observed for the strongest attenu-
ation [see Fig. 5(b)]. Finally, as shown in Fig. 5(c), light attenuation
via ND filters causes drastic changes in the shape of the output spec-
trum. In particular, the transmission of high wavelengths (i.e., >650
nm) increases at higher attenuations, noticeably disturbing the shape
of the broadband LED spectrum (I/I, > 10).

Figures 5(d)-5(f) show the relative change in responsivity vs
irradlance of the perovsklte device, as expected for different IPV
test setups, and attenuator-induced changes in corresponding input
spectra shape [see Figs. 5(a)-5(c)] with respect to the CIE-LED-B4
standard spectrum at 1000 Ix [black, dashed lines in Figs. 5(d)-5(f)].
The responsivity was hereby calculated as R = I/Piy (where I
denotes the device short-circuit current and P;, defines the inci-
dent light power) using the methodology outlined in detail in
Ref. 28. The black, dashed lines in Figs. 5(d)-5(f) correspond to
the normalized responsivity, as expected for the CIE-LED-B4 stan-
dard spectrum at 1000 Ix. It becomes clear that changes in input
spectrum shape, i.e., both (i) spectrum changes associated with a
certain light source and (ii) attenuated-induced spectrum shape
changes, are inevitably linked to a change in responsivity. As shown
in Figs. 5(d)-5(f), (i) and (ii) combined can lead to responsivity
changes (8r) of up to ~2% (LED power control only), ~6% (prism
attenuator), and ~15% (ND filter wheel) for our Prizmatix LED.
Those responsivity changes are expected to be ultimately reflected in
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FIG. 5. Relative change in output spectrum plotted as a function of wavelength and
comparing different light attenuation via (a) LED power control, (b) prism attenua-
tor, and (c) neutral density filter wheel. Relative change in responsivity, as expected
for indoor light attenuation with (d) LED power control, (e) prism attenuator, and (f)
ND filters, and attenuator-induced changes in corresponding input spectra [see
Figs. 5(a)-5(c)] with respect to the CIE-LED-B4 standard spectrum at 1000 Ix
(black, dashed lines). The responsivities were calculated for a wide-gap perovskite
device (Ref. 27) along (Ref. 28).

the PCE, given that PCE = Vo I .FF/Piy = RV, FF, thus 8pcg o< 8r
(see the supplementary material, Fig. S1). It becomes clear that
among the three tested attenuation systems, broadband light atten-
uation via LED only leads to the lowest errors—the same result was
found for a silicon- and GaAs-based reference device (see Fig. S2
in the supplementary material). We note, however, that those spec-
tral changes can, in general, be accounted for. As such, one can
determine the so-called spectral deviation (SPD) of any IPV test
apparatus,

S|Esim(A) — Eree(1)] x AL
Y Eret(1) x AL

SPD = ( ) x 100%, (5)

where E,s(1) denotes the reference spectrum (given the lack of a
defined standard indoor spectrum at the moment of writing, the CIE
standard illuminant LED-B4 spectrum is most convenient to use),
and Esiv(A) refers to the spectrum of the IPV test apparatus light
source. A spectral deviation of ~27% is calculated for the Prizmatix
LED, as used in our IPV test apparatus, compared to the CIE LED-B4
standard.
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Finally, we want to emphasize that one can, in principle, also
correct for spectral changes induced through the IPV attenua-
tor system using a correction function. However, doing so in a
dynamic way (i.e., measuring at different light intensities) neces-
sarily increases the uncertainty of the measurement. As such, the
propagation of the measurement uncertainty of (i) the spectrum
at each attenuator condition and (ii) the additional uncertainty in
returning to that specific condition would increase.

In practical terms, it is, therefore, recommended to use an IPV
test apparatus with light attenuation characterized by as few changes
in spectral shape as possible. In particular, the high wavelength
regimes are expected to contribute to the spectrum at high light
attenuation when using conventional prism and ND filter atten-
uators [see Figs. 5(b) and 5(c)]. For light attenuation in an IPV
test apparatus (additionally) controlled via LED power control, one
needs to consider changes in the low wavelength regime as asso-
ciated with the LED pump peak emission [see Fig. 5(a)]. Both,
spectral deviations of the IPV test apparatus light source to a stan-
dard (e.g., CIE LED-B4) and attenuator-induced spectral changes
must be considered when probing PV figures of merit.

CONCLUSIONS

With the convergence of advancements in low-power electron-
ics, wireless communications, automation, big data, and sensors, the
emergence of ambient light harvesting via indoor photovoltaics is
set to create fresh prospects in areas such as wireless sensing and the
Internet of Things (IoT). To enable the growth of this field, accurate
characterization methods for IPV devices are required. Measuring
IPV devices over a broad irradiance range provides both practical
and theoretical insights that will prove invaluable in scientific and
technical development. The spectral dependence of the attenuator
systems used to reproducibly create varying irradiance can lead to
sources of uncertainty if not properly considered. Further, suitable
reference devices with good linearity should be used that are optimal
for the light source and bandgap of the PV system being character-
ized. Here, reference devices that are sensitive to spectral changes
(i.e., large ARNorm) are recommended. The origin of spectral changes
in the output spectrum can be, inter alia, related to LED-driving
current variations and attenuator-induced wavelength transmission
changes. For our IPV test apparatus, we determined those non-linear
phenomena to cause uncertainty in responsivity (and, thus, power
conversion efficiency) as high as ~15% when using conventional ND
filters.

SUPPLEMENTARY MATERIAL

The derivation of the expression for spatial non-uniformity, a
description of the calibration procedure, and data obtained under
additional experimental conditions are given in the supplementary
material.
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