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ABSTRACT

There is an increasing interest in using indoor photovoltaic (IPV) devices to power Internet of Things applications, low power communica-
tions, and indoor environmental sensing. For the commercialization of IPV technologies, device performance measurements need to conform
to the relevant standardized specifications. We present a novel IPV device measurement system that incorporates digital light processing
(DLP) to deliver a spectrally invariant light source at all required illuminance levels, as specified by the indoor standard testing conditions
in IEC TS 62607-7-2:2023. We evaluated the DLP system according to requirements for spectral coincidence, temporal stability, and non-
uniformity at the sample plane. We demonstrate the measurements to define the classification status of the system and the unique benefits of
the DLP system that allow a stable spectral profile and high levels of uniformity across all illuminance levels. This is the first reported mea-
surement system for IPV device testing based on DLP technology, and the classification methodology of this work can be used as an example
for the classification of indoor light simulators in laboratory environments based on the latest IEC TS 62607-7-2:2023.

© 2024 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/10.1063/5.0186028

I. INTRODUCTION

Indoor light harvesting has been identified as an energy source
that has the potential to power the Internet of Things (IoT) ecosys-
tem, including, among others, environmental sensors and commu-
nications devices.! Crystalline silicon (Si) photovoltaic (PV) devices
commonly used outdoors are not ideal for indoor use; their bandgap
(1.12 eV) is suboptimal for common indoor light sources that mainly
emit in the visible range, and low shunt resistance causes signifi-
cant losses in low light conditions.” Although in the past, low cost
amorphous silicon (a-Si) PV devices dominated indoor applications,
several different PV technologies have emerged for indoor light har-
vesting, demonstrating high efficiencies, potentially low costs, and
sustainable manufacturing.” Organic PV (OPV) devices have already
been commercialized and used for IPV applications, while their scal-
ability potential has been well investigated.” Dye-sensitized solar
cells can be designed so that they are optimized for the indoor
spectrum, achieving high efficiencies under low light conditions.’
Perovskite solar cell technologies are also being demonstrated under

indoor light conditions, achieving high efficiencies due to their opti-
mized bandgap and structure for common indoor spectra and low
light conditions.”” Even past materials such as selenium are revis-
ited for evaluation under indoor conditions, achieving respectable
efficiencies.”

Although high efficiencies are being reported under indoor
conditions for various technologies, it has been quite common that
different labs use different conditions for power and efficiency mea-
surements. This includes the use of different light sources, such
as white LEDs with different color temperatures or fluorescent or
other lamps, and different light levels, with values varying from
200 Ix up to 2000 Ix.””'" This makes the comparison of reported
efficiencies of different technologies challenging, if not impossible,
highlighting the need to define Indoor Standard Testing Condi-
tions (ISTCs). Until recently, there was also a lack of established
independent measurements offered by test labs in this area due to
the lack of specified indoor conditions for testing. Responding to
this need, these conditions are now defined in IEC TS 62607-7-
2:2023 (Nanomanufacturing-Key control characteristics—Part 7-2:
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TABLE I. The three illuminance levels, temperature, and spectrum specifications for
performance testing of IPV devices at ISTC.!" Testing at different illuminance levels
ensures that device performance is tested within the common range of light levels in
indoor environments.

Irradiance with Irradiance with

Iluminance LED-B4 spectrum FL10 spectrum
(x) (mWm™) (mW m™)
1000 3132 3076
200 626 615
50 157 154
Temperature (°C) 25

CIE B4-LED reference CIE FL10
Spectrum spectrum (white LED)  reference spectrum

(fluorescence lamp)

Nano-enabled photovoltaics—-Device evaluation method for indoor
light) and are discussed in Sec. II of this work.!! This will allow
measurements and appropriate comparisons of different technolo-
gies and architectures of indoor PV devices, under the same ISTC
conditions.

The implementation of a measurement system that can deliver
indoor PV device measurements at ISTC conditions is not trivial.
IEC TS 62607-7-2:2023 requires measurements at three different
light levels (50 Ix, 200 Ix, and 1000 Ix) to ensure that IPV device
linearity features are considered. It has already been reported that
changing the light intensity without changing the spectral profile
is non-trivial and can lead to different uncertainties, depending on
the attenuation method used.'” This is a challenging feature on top
of requirements regarding spatial uniformity and stability of light
sources.

In this work, we present the development and classification
of a digital light processing (DLP) indoor light simulation sys-
tem for performance testing of indoor PV devices at ISTC con-
ditions. The system was specifically developed to be compliant
with IEC TS 62607-7-2:2023 and is based on a digital micromir-
ror device (DMD)," as presented in the following sections. The
usefulness of such DLP systems for the metrology of PV devices
has already been demonstrated in recent work. We have intro-
duced high resolution linearity measurements of PV devices using
a DLP system'* and achieved megapixel resolution current map-
ping with such a system using compressed sensing methods.'” DLP
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systems have also been reported for spectral response measure-
ments, where they can increase measurement speed and signal-to-
noise ratio.'®

Here, we have combined our DLP system with a white LED
light source to develop the first DMD based indoor light simulator
specifically for testing IPV devices. We present the requirements for
such a system in order to achieve ISTC conditions and the process of
classifying our system regarding spectral coincidence, stability, and
irradiance uniformity at the sample plane. Results show that the DLP
system can achieve an A rating for a 4 x 4 cm” area and a B rat-
ing for a 7 x 7 cm? area. Such a system can deliver accurate power
ratings for IPV devices but also potentially indoor reference cell cali-
bration. The classification methodology in this work can also be used
as an example for research laboratories or indoor PV manufacturers
to be aware of the requirements of their light sources and be able
to classify their indoor testing systems before measurements. This
will lead to harmonized reporting of efficiencies in the literature and
meaningful comparisons between technologies. More importantly,
indoor PV products on the market will have a common reference
for comparison and will be able to reliably report products in their
datasheets.

1. INDOOR STANDARD TESTING CONDITIONS

IEC TS 62607-7-2 EDI sets out the requirements for power
and efficiency measurements of PV devices under indoor condi-
tions.'! The principle of the specification dictates that all devices
of any type must be measured under the same illumination con-
ditions (illuminance, spectrum, and temperature). Measurement of
IPV device efficiency or power requires a light source, a calibrated
source meter for measuring power output, and a calibrated refer-
ence device against which IPV devices are compared. The accuracy
and quality of all three of these components are crucial for accurate
measurements. In this work, however, we focus on the light source
of such measurements. These specifications include the classification
requirements for light sources that simulate indoor conditions, as
well as specifications for measurement conditions such as temper-
ature requirements, traceability, and spectral mismatch corrections.
Table I shows the ISTC specification for testing IPV devices. The
difference between irradiance and illuminance should be noted for
the discussions in this work; irradiance is the radiant flux received
by a specific area, and its units are W/m?, while illuminance is
the total luminous flux per unit area, with its units being lux (Ix)
or lumens (Im)/m?.!” Luminous flux refers to the radiant flux,
wavelength-weighted by the luminosity function to correlate with
human brightness perception.

TABLE II. Specifications for light source classification for IPV measurements.!! Spectral coincidence is a parameter
determined by the mismatch between the used light source spectrum and the CIE spectrum.

Class SA

A B C

0.95-1.05
within +2%
within +£0.5%

Spectral coincidence
Spatial non-uniformity
Temporal stability

0.75-1.25
within £2%
within +0.5%

0.6-14
within +£5%
within £2%

0.4-2.0
within £10%
within £10%
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Testing at different illuminance levels ensures that device per-
formance is reported at different illuminance levels within the
common range of indoor environments. This is important since
the PV devices can demonstrate very non-linear behavior at such
low light levels.™"” Such non-linearities will affect the power
and, hence, the efficiencies of devices in low light conditions.
Current-voltage (I-V) characteristic curves are to be acquired at
each of these illuminance levels and the methods described in IEC
60904-1:2020 regarding I-V measurement acquisition still stand.”
For indoor PV testing, since the indoor light can be highly dif-
fuse, there is no requirement for the light source to be collimated,
so light sources can be pseudo-collimated, pseudo-isotropic, or
anything in between. Nevertheless, the angular distribution of the
light source impacts measured values and uncertainties since each
device will have a unique angular response. Due to such angu-
lar effects, lower uncertainties are expected with more collimated
light sources.

The light source should be as close as possible to a defined stan-
dard reference spectrum. ISTC specifications provide two options
for reference spectrum: the CIE B4-LED reference spectrum, which
represents LED illumination, or the CIE FL10 reference spectrum,
which represents illumination by a fluorescent lamp, as defined in
CIE 015:2018."" An LED is used in this work, so the CIE B4-LED
reference spectrum is considered. This is a modeled spectrum, so
it will be difficult for an existing LED light source to exactly match
this spectrum. Hence, all I-V measurements should be corrected to
this spectrum by applying a spectral mismatch correction; the spec-
tral response of the PV device under test, the spectral response of
the reference, and the spectral profile of the light source, need to be
known. Under the irradiance conditions required for indoor PV, the
25°C temperature requirement is achieved by heating, rather than
cooling, the sample.

IEC TS 62607-7-2 describes the criteria for classifying light
sources for IPV testing according to three characteristics: spectral
coincidence, spatial non-uniformity, and temporal stability. These
are shown in Table II. These criteria echo the approach of IEC
60904-9 for classifying solar simulators.”' Light sources are classi-
fied from SA to C for each characteristic, with SA representing the
class with the greatest accuracy. Note, however, that a good light
source is necessary but not sufficient for good accuracy; calibrated
reference devices, instruments and suitable procedures are also
important.

a) Baffles
Mirror
X-Y \

Stage

Sample
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I1l. DLP SYSTEM DESIGN FOR ISTC TESTING

Our system has been designed to project pseudo-collimated
light onto a measurement plane using a white LED light source
coupled with a digital micromirror device (DMD). A DMD is an
array of micromirrors that can be programmatically controlled to
“on” and “off” pixels to produce user-defined patterns.’’ A light
source is directed through the device’s coupling optics, which col-
limate the incoming light onto these arrays of micromirrors. The
micromirrors are individually controlled by an electronic control
card. Pixels that are defined as “on” reflect the incoming light onto
a set of projection optics directed toward the area of interest. This
enables the use of the DMD to reduce the illuminance level at a
sample plane by controlling the number of pixels we turn “on” as
opposed to controlling the current through the LED. As the reflectiv-
ity of the DMD micromirrors is uniform across the visible spectrum,
the spectrum of the projected light source will not change when the
pattern changes. Methods of using optical attenuation to reduce the
light intensity have been reported, but spectral deviations were also
observed.'”

A schematic of our DLP system for ISTC testing of PV devices
is presented in Fig. 1. The system is based on a Cree CXA2 5000 K
CRI 70 white LED, coupled to the projection module of a Vialux
V-7001 DMD development kit. This LED was chosen as it had a
similar spectrum to the CIE B4-LED reference spectrum, and its
luminous flux of 2002 lumens enabled us to achieve illuminances of
over 1000 Ix at our desired working distance. An additional 50 mm
lens (100 mm focal length) is placed at the output of the projection
optics to ensure the projection is maintained out of focus on the
sample plane and to improve its collimation. The projection at the
sample plane is intentionally “out of focus,” so that a smooth and
uniform light field is achieved. The beam goes through three baffles
to reduce stray light toward the sample, then a flat front coated mir-
ror at a 45° angle guides the beam to the sample plane so samples
can be placed horizontally on the measurement platform. The plat-
form is placed on top of an x-y stage to enable measurements of
spatial non-uniformities within the region of interest (ROI). A
Keithley 2401 source meter is used for I-V measurements. The
sample platform includes temperature control and feedback, with
additional temperature control of the enclosure space, to keep both
the sample platform and the enclosure space at 25°C. The DMD
used is an array of 1024 x 768 micromirrors that reflect the input
light from the coupling optics onto the integrated projection optics.

DMD coupled with
LED light source and
projection module

v

FIG. 1. (a) Schematic of our measurement system depicting how light is transferred from the LED onto the sample plane. (b) Light is reflected from a mirror held at a 45°
angle onto the sample. A KG5 silicon reference cell is used to set the illuminance level of the DMD.
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Patterns projected from the DMD were used to significantly improve
the spatial uniformity of the ROI Below, we describe the charac-
terization and classification of the DLP system according to IEC TS
62607-7-2:2023.

IV. SYSTEM CLASSIFICATION
A. Indoor spectral coincidence

While IEC 60904-9 (classification of solar simulator character-
istics)*! considers the deviation of relative irradiance within spectral
bands, this is not a suitable methodology for indoor spectral coin-
cidence evaluation; the sharp spectral features of artificial light
sources result in significant errors and deviations. Hence, IEC TS
62607-7-2:2023 proposes a different process to calculate the spectral
coincidence of light sources:'!

The spectral coincidence SC is defined by the worst-case value
of the spectral mismatch between the reference spectrum and the
measured spectrum,

soo o) Emeas(A)Sxc(A)dA

e Erer (L) Sx(A)dL

1

where Epeas(A) is the measured spectral profile of the light source,
E,(A) is the spectral profile of the reference spectrum (CIE LED-
B4 in this case), and Sk(1) (K = 1, ..., 5) is the spectral response
of simulated IPV device number K labeled PV-1 to PV-5. These
correspond to five different relative standard spectral responsivities
of emerging IPV technologies, as listed in IEC TS 62607-7-2:2023
(spectral responsivity tables are also provided in the document).’
The defined reference spectrum is the same at all illuminance levels
under ISTCs and for measuring any IPV technology. The worst-case
value is defined by the IPV device that has the largest deviation of
the spectral coincidence from 1. As the reference spectrum is defined

1.0 T T T T T T T
—50 Ix
a) ——200 Ix
084 1000 Ix i
’ —— CIE LED-B4 White LED|
>
F=)
2
o 06+ 4
-
£
Eel
a
= 044 =
©
£
P
o]
z 0.2+ .
\_/
0.0 —

T T T T T T T T
400 450 500 550 600 650 700 750
Wavelength (nm)
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within the wavelength range of 380-780 nm, the spectral mismatch
between the measured IPV device and the reference is determined
only within this band; any datapoints outside this range will yield
zero values.

Figure 2(a) presents the normalized spectral profiles of the
measured light output at the sample plane at the three different illu-
minance levels of 50, 200, and 1000 Ix. The spectrum was measured
at the sample plane using a calibrated Ocean-HDX spectrometer at
the center of the sample plane. The CIE LED B4 reference spectrum
is also included in the same graph and is defined for wavelengths
of 380-780 nm. As can be observed, the spectral variations of the
DLP system at different light levels are very low, calculated to be
0.2% in the worst case. The reported spectral variation is lower than
using optical attenuation methods reported in the literature, and this
enhances the benefit of digital light processing in our measurement
system.'?

The spectral coincidence values for these spectral profiles were
calculated using Eq. (1) and the tabular data provided in IEC TS
62607-7-2:2023. Each simulated device has a bandgap that decreases
from ~2.40 eV (PV-1) to ~1.12 eV (PV-5). Our light source has the
worst spectral coincidence with PV-1, due to spectral deviations with
our LED and the reference spectrum between 440 and 520 nm. The
results of these calculations are presented in the right of Fig. 2(b);
therefore, a spectral coincidence of 0.91 is reported for our DLP
system.

In practice, when measuring [PV devices in our DLP system, a
KGS reference cell is used to set the light intensity, so spectral mis-
match factors will be applied to each DUT to ensure all devices are
measured at the same effective illuminance. This is similar to the
process described in IEC 60904-7:2019** (computation of the spec-
tral mismatch correction for measurements of photovoltaic devices).
Our reference cell has been calibrated internally for linearity and
spectral response, while its absolute spectral response data were
used to calculate the expected short-circuit currents at 50, 200, and

1.00 T T T T T
b) [ 11000 Ix
[ 12001Ix
E— [ ]501x
© 0.95 ]
(8]
C
[} — —
'-g T " 1+—d
S I
£
[o] . .
3 0.90
©
3
[}
Q.
9 .85 g
0.80 T T T T T
PV-1 PV-2 PV-3 PV-4 PV-5

PV Type

FIG. 2. (a) Normalized spectral profile of the measured spectrum of the light output of the system at the sample plane at the three required illuminance levels, 1000, 200, and
50 Ix. The spectral variation between different light levels is lower than 0.2%. The reference spectrum of the CIE LED B4 spectrum is included in the same graph. (b) Spectral
coincidence between the measured and reference spectrum for each of the simulated IPV devices in the IEC TS 62607-7-2:2023 tabular data. The spectral coincidence for

the DLP system is calculated to be 0.91.
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1000 Ix. This is necessary since there are currently no reference cells B. Non-uniformity

available on the market for determining the irradiance at the sample Uniform illumination of the measurement area is crucial
plane for IPV testing. A significant advantage of our DLP system’s 1 accurate measurements and low uncertainties; hence, illumi-
feature of fine tuning the irradiance level while maintaining spectral . ce non-uniformity is included in the light source classification.
profile and uniformity is that such spectral mismatch corrections Illuminance non-uniformity (in %) is calculated as

of irradiance can be accurately and easily applied. This is impor-
tant because spectral mismatches between DUTs and the reference

cell used are expected, considering the variability in possible spectral NUzos = (Lmax = Lmin) % 100 )
response profiles of different IPV technologies. (Lmax + Limin) ’
a) All pixels “on” uncorrected b) 50 Ix corrected
Normalised Current Normalised Current
1.000

i 0.8763

- 0.7525

- 0.6288

0.5050

Y (cm)
Y (cm)

+ 0.2575

0.1338

0.01000

X (cm) X (cm)
<) 200 Ix corrected d) 1000 Ix corrected
Normalised Current Normalised Current
1.000 1.000
0.8763 0.8763
- 0.7525 0.7525
— 0.6288 0.6288
3
3 0.5050 0.5050
>
0.3813 0.3813
- 0.2575 0.2575
0.1338 0.1338
0.01000 0.01000
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
X (cm) X (cm)

FIG. 3. Photocurrent maps of the spatial profile of light intensity at the sample plane of the DLP system: (a) All pixels are on, (b) illuminance of 1000 Ix, (c) at 200 Ix, and (d)
at 50 Ix. The photodiode has a 1 mm diameter pinhole aperture on top to minimize angular effects from the response of the photodiode and any divergence of the pseudo

collimated light source.
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where Lpax is the maximum illuminance in the ROI and Ly,
is the minimum illuminance in the ROL These can be measured
using a stable PV device or photodiode. We used a calibrated
Newport 818-UV photodiode without an attenuator, with a 1 mm
diameter pinhole to remove indirect light, to determine the uni-
formity. The photodiode used is linear in the range of 50-1000 lx,
which is a prerequisite for accurate uniformity evaluation at the dif-
ferent light levels; therefore, the photocurrent measured is directly
proportional to the intensity of the incident light. Non-uniformity
is thus calculated by,

Imax - Imin
( ) x 100 (3)

NUgoy = 2 “min/ ,
ror (Imax + Imin)

where Imax is the maximum measured photocurrent in the ROI and
I'min is the minimum measured photocurrent in the ROI. We per-
formed a raster scan of the photodiode across the full illumination
area and measured the photocurrent at each point. We used a cali-
brated KG5-filtered Si reference cell to determine the illuminance at
the sample plane. The reference cell has been characterized in terms
of linearity and spectral response, so that it is linear at this illumi-
nance range, while its spectral response data were used to calculate
the expected short-circuit currents at 50, 200, and 1000 lx. This is
necessary since there are currently no reference cells available on
the market for determining the irradiance at the sample plane for
IPV testing.

There are significant benefits regarding uniformity of light
intensity when using the DLP system: achieving the different irra-
diance levels at the sample plane without affecting uniformity
and being able to correct for non-uniformity effects. Regarding
light intensity, when all the pixels of the DLP systems are “on”
(all micromirrors of the DMD are set in the “on” state), the illu-
minance at the sample plane can be much higher than 1000 Ix at
the typical operating current of the LED. In order to set appropriate
illuminance values at the sample plane, DMD pixels are turned “oft”
to reduce the illuminance and meet the required ISTC values, as has
also been demonstrated for linearity measurements with a similar
system.'*

A DMD can also be used for correcting optical non-
uniformities on the sample plane. There are vignetting distortions
from the projection optics of the DMD that cause major non-
uniformities on the sample plane. As a DMD can be used to project
binary patterns, spatial dithering is implemented to convert an
image of the measured uniformity map into a binary image. The
photocurrent of the projected area, when all pixels are “on,” is
measured through the raster scan of a Newport 818-UV photodiode
with a 1 mm pinhole, as presented in Fig. 3(a). The projection has
been cropped as the whole light field is larger than the length of the
measured area with the x-y stage; nevertheless, the edges are irrele-
vant as they are not used as active illumination areas in our system.
A gradient is observed on the sample plane, which is due to both
lens distortion effects from: the converging lens and the projection
optics attached to the DMD. This photocurrent map can be used
to model the flat-field correction function. By taking the inverse
of this spatial function and applying the Floyd-Steinberg error
matrix, we can create a spatially dithered binary image that removes
flat-field distortions on our projection plane.”” A non-linear least

ARTICLE pubs.aip.org/aip/ape

TABLE Il Non-uniformity values for the different light levels, with an additional
correction pattern applied.

Conditions

area All pixels “on” 1000 Ix 200 Ix 50 Ix
4 x 4 cm? 2.53% 1.69% 1.66% 1.51%
7 x 7 cm? 5.4% 2.81% 3.07% 2.99%

squares fitting enables the creation of binary patterns for a range
of illuminance levels by controlling the percentage of pixels in the
image.

Results are shown in Fig. 3. The non-uniformity in Fig. 3(a)
measured in the 4 x 4 cm? and 7 x 7 cm? ROIs, marked by the
green and blue rectangles in each of the subplots, is 2.53% and
5.4%, respectively. Using the correction process and setting the illu-
minance at the required levels, at 1000 lx, the non-uniformity in
the 4 x 4 cm® and 7 x 7 cm® ROIs in Fig. 3(b) has been reduced
to 1.69% and 2.81%, respectively. Similar results are also reported
for the measurements at 200 Ix and 50 Ix depicted in Figs. 3(c)
and 3(d): non-uniformities at 200 Ix were calculated to be 1.66%
and 3.07% for the 4 x 4 cm? and 7 x 7 cm® ROI, respectively,
while at 50 Ix the same ROIs present non-uniformities of 1.51%
and 2.99%. These uniformity optimization techniques can be poten-
tially fine-tuned to further reduce non-uniformity values so that
larger IPV devices can be measured under the same classification.
The quoted non-uniformities at each illuminance are presented in
Table III.

C. Temporal stability

Temporal stability refers to fluctuations in the light source
intensity at the sample plane during a measurement period. This
is caused either by fluctuations in the current supply of an LED
driver (or lamp driver in other cases), temperature fluctuations in
the light source, or when LED boards or lamp bulbs are reaching
the end of their lifetime. Fluctuations in LED driving current can
also cause slight spectral shifts. Light source instabilities can affect
the performance testing of IPV devices, leading to significant errors
when performing an IV acquisition or setting the irradiance level
with a reference cell. We used a KG5 filtered Si reference cell for the
temporal stability measurements and placed it on the sample plane
under constant illumination. This reference cell is linear; conse-
quently, the variation in short-circuit current measured by a Keithley
2401B Sourcemeter is directly proportional to the fluctuation in
light source intensity at the sample plane. The sample tempera-
ture during measurements was stable at 21 °C (at equilibrium with
the lab temperature). Measurements were performed and presented
here with all pixels “on” as a worst-case scenario of illumination
to identify potential effects of system optics; however, appropriate
measurements were also performed for all irradiance levels in the
ISTCs.

Results are shown in Fig. 4, where the temporal short-circuit
current (Isc) measurements of the reference cell are presented at 1 s
intervals. Recording of measurements started as soon as the LED
was turned on; hence, there is a decay in the Isc measured as the
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FIG. 4. (a) Isc of the reference cell recorded with 1 s resolution for 75 min, with all pixels “on” for the DLP system. (b) Zoomed in graph to show the range of the fluctuations

of Isc recorded over 20 min of the measurement after the LED was stabilized.

LED thermally stabilizes. This was included to highlight that an ini-
tial thermal stabilization period should always be considered for an
indoor light simulator. The LED is assumed to provide a stable out-
put after ~1800 s (30 min). In Fig. 4 (b), the Isc over 20 min of the
Isc measurement after stabilization is presented. This specific length
of time is chosen as this could be a representative amount of time
required for I-V acquisition of an IPV device, including setting the
irradiance levels, repeated I-V measurements, and considerations

of sweep speeds for emerging technologies. The temporal stability
(in %) is calculated by

TS = (ISC,max - ISC,max)

A28Gmax T 2Semax/ 100, (4)
(ISC,max + ISC,max)

where I, max is the maximum short-circuit current measured in the
identified measurement period and Iy min is the minimum short-
circuit current recorded. The temporal stability is calculated from
the relative deviation between the maximum and minimum I;. mea-
surements within the identified period (marked by the green box in
Fig. 4), assuming an expected warm-up period of LED stabilization.
Temporal stability includes short term stability (irradiance deviation
between datapoints during acquisition) and long-term stability (irra-
diance stability from the start to the end of a set of measurements).
In our case, long term stability will have the highest deviation, as
can be observed in Fig. 4(b). The maximum and minimum reference
I values within Fig. 4(b) were found and substituted into Eq. (4)

to determine the temporal stability of our measurement system as
0.015%.

D. Classification result and discussion

The results of the classification process according to IEC TS
62607-7-2:2023 for the DLP indoor light simulator system in this
work are presented in Table IV. Potential improvements can be
made to the system’s spectral coincidence and uniformity. This can

TABLE IV. Classification of the DLP system presented in this work based on I[EC TS
62607-7-2:2023.

Classification parameter Value Class
Spectral coincidence 0.91 A
. . <1.69% for 4 x 4 cm” area SA
Non-uniformity 2
<2.99% for 7 x 7 cm” area B
Temporal stability <0.015% SA

be achieved by using a different LED that is even closer to the CIE
LED B4 reference spectrum and improving the projection optics and
optical elements that deliver the pseudo-collimated light beam. Our
spatial dithering algorithm can be further optimized by improving
our flat-field correction model.

V. CONCLUSION

With the recent publication of the first edition of IEC TS
62607-7-2:2023, there is a need for the development of measure-
ment systems that can deliver the defined specifications for accurate
IPV performance testing. In this work, we present the first such
system based on DLP technology to deliver the necessary system
specifications. The use of DLP technology has enabled the deliv-
ery of a spectrally invariant light source across the necessary light
intensity ranges for IPV testing. In addition, the use of spatial dither-
ing and corrections using the DMD capabilities allows this system
to achieve high uniformity illumination at the sample plane at all
relevant irradiance levels.

Considering all classification parameters, spectral coincidence,
non-uniformity, and temporal stability, the developed DLP system
achieves classifications of A for a considered area of 4 x 4 cm” and B
for larger areas up to 7 x 7 cm”. These specifications are achieved for
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all illuminance levels of 50, 200, and 1000 lx. There is no significant
variation in the spectral profile of the light source for the differ-
ent light levels, something that is common when optical attenuators
or LED current controls are used. The system delivers a pseudo-
collimated beam rather than using diffuse illumination, resulting in
lower uncertainties from angular response errors.

Standardization and harmonization activities are vital for
emerging IPV technologies to become commercially available prod-
ucts within the near future. Through this work and the step-by-step
description of the classification process based on IEC TS 62607-
7-2:2023, more systems will be developed and become available,
not only at research labs but also commercially, while more labs
(academic, commercial, and industrial) will be able to develop their
own equipment and at the same time evaluate it. A new market of
indoor light simulator instruments for IPV device testing will be
inevitably established, while this work has also highlighted the need
for indoor PV reference cells, specifically calibrated at the irradi-
ance levels defined in IEC TS 62607-7-2:2023, as with reference cells
used at Standard Testing Conditions (STCs), to allow the proper
implementation of these specifications. Considering the variability
of indoor light conditions and types of illumination regarding spec-
tra and directionality, the development of datasets and testing for
energy rating of IPV devices can be considered similar to the IEC
61853 series [Photovoltaic (PV) module performance testing and
energy rating: Parts 1-4].

As a result of this work, the development of further IPV
device testing systems with different approaches and components
will allow international intercomparison activities with multiple IPV
device technologies. Such efforts will create the data and findings
to feed back toward potential future revisions of IEC TS 62607-7-
2:2023. Other complications that are not considered here and will be
inevitably raised in the area of IPV testing are metastability effects
during metastable IPV device testing, as such effects have been
reported to have a significant impact on the power rating at STC.”"”
Since perovskite and OPV devices are strong contenders for indoor
light harvesting applications, such metastability effects should be
considered in ISTC conditions as well by adopting appropriate
measurement protocols.

SUPPLEMENTARY MATERIAL

The supplementary material provided includes further infor-
mation on the work presented in this paper. This material highlights
the simulated spectral response curves in IEC TS 62607-7-2:2023,
spectral deviations in altering LED forward current, and schematics
of the DMD.
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