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High-Bandgap Perovskites for Efficient Indoor Light

Harvesting

Sergey Shcherbachenko, Oleksandr Astakhov, Zhifa Liu, Li-Chung Kin,
Christoph Zahren, Uwe Rau, Thomas Kirchartz, and Tsvetelina Merdzhanova*

The use of metal-halide perovskites in photovoltaic applications has become
increasingly attractive due to their low-temperature manufacturing processes and
long charge-carrier lifetimes. High-bandgap perovskite solar cells have potential
for indoor applications due to their efficient absorption of the spectrum of light-
emitting diodes (LEDs). This study investigates the performance of high-bandgap
perovskite solar cells under a wide range of lighting conditions, including a
commercially available white LED lamp with a 5-40 000 Ix illuminance range and
a standard 1 sun reference. The performance of CH3;NH;Pblz-based perovskite
solar cells to CH;NH;3Pb(lg 5,Bro5); solar cells with varying electron transport
layers (ETL), including PCBM, PCBM:CMC, and CMC:ICBA fullerene combina-
tions, is compared. Because the spectral response of perovskite solar cells covers
the white LED spectrum very well, the major performance difference is related to
the open-circuit voltage and fill factor. The cells with the CH3NH3Pb(lo 5,Bro5)3
absorber layer and the CMC:ICBA ETL demonstrate superior open-circuit voltage
and therefore a high efficiency above 29% at 200-500 Ix, typical for indoor
lighting.

model for the sunlight spectrum.®®! This
has led to continuously increasing interest
in using halide perovskites for tandem
solar cells!'® % but also offers opportuni-
ties to use the technology for artificial light-
ing conditions.!"*! As the future of lighting
is in white LEDs, and because white LEDs
have significantly fewer infrared (IR) and
near-infrared spectral components as com-
pared to traditional light bulbs or the
solar spectrum, higher-bandgap materials
are needed for maximum efficiencies.
Depending on the spectrum and color tem-
perature of the LEDs used, the optimum
bandgaps for indoor applications range
from around 1.7 to 2 eV."* These bandg-
aps are significantly higher than those of
crystalline silicon (1.12 eV) and even those
of the halide perovskite solar cells (PSCs)
(from 1.5 to 1.6eV) that show the best
efficiencies under 1Sun illumination.!"”!
Thus, there is a need to explore PSCs with

1. Introduction

Low-temperature manufacturing processes using inexpensive
solution-processing methods,!! combined with exceptionally
long charge-carrier lifetimes,”™* have made metal-halide perov-
skites attractive materials for photovoltaic applications.””! Due to
intensive research efforts, efficiencies have increased to 25.7%°
over the course of 10 years, since the first cells surpassed the 10%
mark in 2012.”) A peculiar feature of halide perovskites is that
they achieve their best efficiencies for bandgaps that are slightly
higher than ideal from the perspective of the Shockley—Queisser

higher bandgaps (>1.7 eV). Perovskite technology provides suf-
ficient flexibility to fabricate these solar cells. However, high-
bandgap perovskite cells often suffer from effects such as
iodine-bromine segregation,’®”! increased bulk recombina-
tion,"® and a lack of suitable charge transport materials with
good energy-level matching at interfaces.'*~>%

Artificial indoor LED lighting is characterized by a narrower
spectrum and significantly reduced intensity with respect to the
1 Sun standard test conditions. A drastic decrease in intensity
leads to an efficiency reduction.?>72% At low illumination, even
a low current through the parasitic shunt resistance gains
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importance and reduces solar cell efficiency.***~2”) PSCs, how-
ever, show potential for a high shunt resistance Rgy,!*>*3!
making them suitable for low-illumination applications. In addi-
tion, Kin et al. demonstrated the exceptional efficiency of these
cells when integrated with sodium-ion batteries under indoor
illumination.?*”

Spectrum narrowing can be very beneficial for solar cell
efficiency.'>1#23283133] The emission spectra of indoor LED
light sources are often very efficiently absorbed by the PSCs
and, therefore, the losses in short-circuit current density Jsc are
low. Therefore, most optimization efforts must focus on the Vo
and filler factor (FF) losses under indoor illumination. In this
work, we focus on maximizing the Vo of the PSCs for indoor
applications.

To explore this optimization direction, we studied the light
intensity-dependent performance of CH3;NH;PDb(I,Br); solar cells
with different I-to-Br ratios that have fairly high open-circuit
voltages between 1.19 and 1.33V for bandgaps between 1.6
and 1.72eV. We compare two absorber compositions with (i)
pure iodine (CH3NH;PbI;, E,=1.6eV) and with 20% Br
(CH3NH;3Pb(Igs,B1o2)3, Eg=1.72eV). The absorbers were
grown using PbAc,-based precursors, as previously described
by Liu et al.™®% The solar cells are based on a pin-type geometry,
as shown in Figure 1, where the perovskite layer is sandwiched
between an ITO/PTAA anode on the illuminated front side of the
device and a fullerene/bathocuproine (BCP)/Ag cathode on the
back. The fullerenes used include [6,6]-phenyl-Cg4;-butyric acid
methyl ester (PCBM), which is used for Br-free cells, and PCBM,
PCBM:CMC, and CMC:ICBA for Br-containing cells. Here, ICBA
is the indeneCgo bisadduct known for its significantly lower
electron affinity**> as compared to PCBM or even Cgp, whereas
CMC is Cgofused NmethylpyrrolidinemCy,phenyl. The use of
lower-electron-affinity fullerenes, such as ICBA and CMC, is cru-
cial for improving the energy-level alignment to higher-bandgap
perovskites and minimizing losses due to interfacial recombination,

(@)

Glass
ITO

(b)
Glass
ITO

Figure 1. Schematic of the layer stacks of the PSCs used in this study. The
solar cell with the CH;NH;Pbl; absorber layer a) has a PCBM ETL. Solar
cells with the CH3NH3Pb(lg g, Bro ;)3 absorber layer b) have ETLs consisting
of different combinations of the fullerenes PCBM, CMC, and ICBA.
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which are known to deteriorate the performance of high-bandgap
PSCs. Both absorber compositions have been previously shown
to enable high open-circuit voltages,"*** due to their very high
bulk lifetimes, negligible recombination at the perovskite—PTAA
interface, and reduced recombination at the perovskite-ETL
interface. However, it has already been clear from previous work
that the perovskite-ETL interface is the performance-limiting
interface that causes significant additional recombination in
the device compared to perovskite films on glass or on PTAA.%*7)

In this work, we vary the electron transport layer (ETL)
between the combinations of PCBM, CMC, and ICBA fullerenes
and study the performance of these cells under LED illumination
with varied irradiance and under 1 Sun illumination. Following
our previous work!**** dedicated to achieving high 1 Sun Vo¢ in
these cells, we now focus on performance under LED light and
discuss trends in irradiance dependence that affect the indoor
light harvesting performance.

2. Results and Discussion

Four types of PSCs were investigated in this work: high-bandgap
CH3NH;Pb(IosBro,); cells with CMC:ICBA, PCBM, and
PCBM:CMC ETLs) and a reference CH3;NH;PbI; cell with a
PCBM ETL. The fabrication procedure for the CH3;NH3PbI; cell
was discussed in ref. [34], while the detailed fabrication proce-
dure for the CH3;NH;Pb(IpgBrg,); cells was presented in
ref. [19]. Figure 2 presents the J-V curves of these solar cells
under 1 Sun and 175 Ix LED illumination (lowest measured point
close to the 200-5001x region).

Four types of PSCs were investigated in this work: high-
bandgap CH;3;NH;3Pb(Igg Brg,); cells with CMC:ICBA, PCBM,
and PCBM:CMC ETLs and a reference CH;NH;PbI; cell with
a PCBM electron transport layer. The fabrication procedure
for the CH3NH;PDbI3 cell was discussed in ref. [34], while the
detailed fabrication procedure for the CH3;NH;Pb(IgBro2)3
cells was presented in ref. [19]. Figure 2 presents the J-V curves
of these solar cells under 1 Sun and 175 Ix LED illumination (low-
est measured point close to the 200-5001x region). Table 1
presents the corresponding solar cell parameters: open-circuit
voltage (Voc), short-circuit current (Isc), short-circuit current
density (Jsc), short-circuit current density calculated from EQE
(Jsc, EqE), device area (A), FF, power at maximum power point
(Pmpp), and efficiency (1). Jsc, rqr Was calculated for two cells
(with CH3NH3Pb(Io g Brg)s absorber and CMC:ICBC electron
transport layers and with CH3;NH;Pbl; absorber and PCBM elec-
tron transport layers) using EQE measured for the cells with the
same composition.

The solar cell with the CH3NH;PbI; absorber layer has a
bandgap of 1.6 eV and consequently lower Vo of 0.86 V at 175 Ix
LED and 1.18 V at 1 Sun. PSCs with the CH3NH3Pb(Ig g Brg )3
(1.72 eV bandgap) absorber layer show open-circuit voltages in
the range of 1.24-1.3 V at 1 Sun and around 1.02-1.06 V at 175 Ix
LED illumination. Among them, the cell with a blend of CMC
and ICBA used as an ETL has the highest Voc 0of 1.29V at 1 Sun
and 1.06 V at 175 Ix LED illumination. From the low illumination
current-voltage curves (Figure 2b), one can see that the shunt
resistance of these cells is extremely high, ensuring a stable and
high FF (above 75% for CMC:ICBA ETL cells) even at 175 Ix.
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Figure 2. J-V characteristics of PSCs used in this study under 1 Sun a) and 175 Ix LED light b). The solar cell with the CH;NH3Pbl; absorber layer has a
PCBM ETL. Three solar cells with a CH3NH3Pb(lo g Bro2)s absorber layer have PCBM, PCBM:CMC, and CMC:ICBA fullerene blends as ETLs.

Table 1. Parameters of PSCs used in this study under room conditions (175 Ix LED) and under 1 sun.

CH3;NH;3Pb(los,Bro2)s CH3NH;3Pb(lg s Bro2)s CH3NH3Pb(lo s Bro )3 CH3NH;Pbl;
CMC:ICBA PCBM:CMC PCBM PCBM
Source LED Sun LED Sun LED Sun LED Sun
Voc [V] 1.06 1.29 1.05 1.28 1.02 1.24 0.86 1.18
Isc [mA] 0.0041 2.85 0.0042 2.85 0.0043 2.90 0.0043 3.27
Jsc [mAcm ™2 0.0257 17.79 0.0264 17.82 0.0267 18.15 0.0270 20.43
Jsc, eqe [MAcm™?] 0.02560 18.68 - - - - 0.0288 20.04
A [cm?] 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16
FF [%)] 80.82 75.87 79.86 79.58 77.97 78.22 74 77.65
Pupp [MW cm™7] 0.0220 17.30 0.0222 18.20 0.0213 17.50 0.0173 18.80
n [%] 29.36 17.30 29.62 18.20 28.42 17.50 23.09 18.80

Although in this work CH3;NH;PbI; cells show considerably
lower voltages than CH3;NH;Pb(Iyg Brg,)s cells, our previous
work on this cell reported an even higher Voc of 1.26 V after light
soaking.**

Figure 3a,b presents the open-circuit voltage Voc and FF
dependences on the light source power density for the solar cells
used in this study.

The measurement results under standard test conditions,
1 Sun illumination, are highlighted in yellow. The region of typi-
cal indoor illumination (200-5001x) is marked by a blue vertical
bar in Figure 3. The LED power density range of all points tested
is 0.002-15.5 mW cm™? and corresponds to ~5-40 000 Ix.

For all PSCs, a smooth quasilinear dependence of Vo on
power density is observed on the semilogarithmic scale. The cells

closely follow the classical diode dependence of Vo on ]SC[38’39]
nigkT ( sc)

Voc = ——In[=> 1

oc p 7 1)

Using Equation (1), the ideality factors of these cells were deter-
mined from the data in Figure 3a. The dashed lines representing
the slopes for n;g =1 and nig =2 are plotted for reference. The
solar cells with CH3;NH;3Pb(Ipg Brg,)s showed ideality factors
between 1.6 and 1.63, while the lower-bandgap CH3NH;PbI; cell
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showed an ideality factor of 2.25. A lower ideality factor corre-
sponds to a flatter slope and a higher Vpc at low irradiance.
The higher-bandgap cells in this study showed considerably
more stable Vo over the entire illuminance range compared to
the cell with a lower bandgap. The V¢ decreases by ~0.38 V in
high-bandgap cells as the illuminance decreases from 40 000 to
51x, while a larger Vo reduction of 0.49V is observed in the
lower-bandgap solar cell. Simultaneously, similar Vo values
are observed for 1 Sun illumination and high-power LED illumi-
nation. Higher initial voltages of the CH3NH;PDb(Iy g Brg )3 cells
(Figure 3a) combined with lower Vo drops result in higher Voc
values at low irradiance as compared to a PSC with a
CH;3;NH;3PDbI; absorber layer (brown squares in Figure 3a).
Under indoor illumination conditions, the CH3NH;Pb(Iog Bry,);
cell with the CMC:ICBA ETL (red diamonds) shows a V¢ above
1.05V and we observe a strong difference between low-bandgap
and high-bandgap solar cells.

A special note can be given to the Vo of the CMC:ICBA cell.
The Vo of this device remained above 1.1 V under LED illumina-
tion with an irradiance of 0.3 mW cm 2 and increased up to 1.3 V at
15.5 mW cm™2 Under 1 Sun illumination (100 mW cm™* AM1.5),
the cell showed a Voc of 1.29 V. These results are in agreement
with those of our previous work,'?! where the highest voltage
was achieved by a cell with the same structure.

© 2024 The Authors. Advanced Energy and Sustainability Research
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Figure 3. Open-circuit voltage, a) Voc, b) FF, and power conversion effi-
ciency c) as a function of the power density of the LED and reference val-
ues measured under 1 Sun illumination (yellow area) for different PSCs.
The top x-axis corresponds to illuminance values in lux calculated for the
LED spectrum (1 Sun AM1.5 spectrum corresponds to 100 mW cm ™2 and
~10°Ix, and the position of the points is defined by the power density
value). The region marked with blue rectangle represents standard office
room conditions (200-500Ix). The ideality factors of the three wide-
bandgap perovskites are labeled in (a) in their corresponding colors.

The FF of a solar cell J-V curve is defined as FF = Vypp Jmpp/
(Voc Jsc), where Viypp and Jypp are the voltage and current den-
sity at the maximum power point. It depends on the ideality fac-
tor nyg, as well as the shunt and series resistances Rgyy and Rg,
and is positively correlated with the open-circuit voltage (Voc)-
Following the approach,*” for the case of an ideal diode with
infinitely large shunt resistance and zero series resistance, the
FF dependence on Vpc can be approximated with
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Voo — IN(voe + 0.72)

FF, = 2
0 i @
where
Voc
= 3
VOC nldkT/q ( )

As the Vo increases with the illumination intensity (Figure 3a),
an increase in FF is observed (Figure 3b) for all PSCs.
Additionally, the FF strongly depends on the shunt and series
resistances of the solar cell.**? The effect of the shunt resis-
tance is more pronounced under low LED light power density,
whereas the series resistance is important at high illumination
intensities, where the current density at the maximum power
point increases.”®! The series resistance of the cells leads to a
drop in the FF observed under LED irradiance above 10 000 Ix.
At the same time, PSCs can have a remarkably high shunt
resistance,'>**7! which was also the case for the presented
PSCs (Figure 3), demonstrating a very stable FF at low illumina-
tion intensities.

Figure 3c presents the dependence of the cell efficiency on the
LED power density and includes the reference values under
1 Sun irradiance represented by the points in the yellow area.
Comparing the performances of PSCs under 1 Sun and under
high power densities of white LED, higher power conversion effi-
ciencies (34-36.5%) were observed under LED light as compared
to 17-19% under 1 Sun. This is related to the high bandgap of the
perovskite absorbers and, therefore, a much better match of their
EQE to the LED spectrum as compared to the Sun spectrum
(Figure 6). In the case of LED light, both perovskite absorber
materials show external quantum efficiencies above 80% over
the entire range of the LED spectrum, except for the minor frac-
tion of the IR region 740-800 nm, where the LED emission is
weak. Therefore, under LED light, both absorbers exhibited very
similar Jsc values (Table 1). At the same time, the wider bandgap
of CH3NH;PDb(Iy g Brg,)3 provides a noticeably higher Vo, likely
due to the reduction in thermalization losses even under LED
light. The thermalization loss refers to the energy loss during
vibrational (thermal) relaxation of an excited electron to the low-
est available level of the conduction band."* A high bandgap
reduces the amount of energy that an electron releases during
such a process and results in a considerably higher Vo and effi-
ciency of the cells with the CH;NH;Pb(I, g Brg ,)3 base layer. The
cell with the highest Vo has a CMC:ICBA ETL layer and shows an
efficiency of above 29% in office-lighting conditions (200-500 lux),
28.5% efficiency under a lower illuminance of 100 Ix, while a max-
imum efficiency of 35.5% is observed under 4000 Ix of LED light.

Figure 4a presents the dependence of the shunt resistance
(Rsp) on the LED light power density.

The resistance was determined from the slope of the corre-
sponding J-V curve at V=0, so any linear term in the depen-
dence of current on voltage was perceived as shunt. As a result,
we observe the real shunt resistance in parallel with a “photo-
shunt,”***!which shows a linear dependence on the light power
density. As these two effects act in parallel, the lower of the two
resistances will dominate. At high LED power density, the photo-
shunt resistance decreases, and the overall resistance shows a
linear dependence on light intensity. Moving to low irradiance,
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Figure 4. a) Dependence of the shunt resistance Rsy on LED light power density for different PSCs. b) Dependence of the short-circuit current density and
the estimated shunt current (calculated as Voc/Rsn) on LED light power density. The top x-axis corresponds to illuminance values in lux. The values of Rsyy
and Voc/Rsy with Rsyy calculated from the dark J-V (Rsppark) are presented for one cell as a reference in both plots (red dashed line(a) and red stars(b)).
The region marked with blue rectangle represents standard office room conditions (200-500 Ix).

the photoshunt resistance increases, while the total shunt resis-
tance saturates around the value determined from the dark J-V
curve (=20 000kQcm?). In the region corresponding to room
conditions (marked with blue rectangle), PSCs show shunt resis-
tances above 1000 kQcm?.

In the single-diode model with shunt resistance, a correction
term Voc/Rsy appears (Equation (4)), which leads to the reduc-
tion of V.

Voe = niquTln( sc — VOC/RSH) “

Jo

The value of this correction term Voc/Rsy is compared to the
magnitude of Jsc in Figure 4D for the studied LED power density
range. As the Jsc is at least one (almost two) order of magnitude
higher than Voc/Rsy at irradiances corresponding to room con-
ditions and above, the shunt resistance has minor influence on
the Voc in the perovskite cells presented in this study.

The dependencies presented in Figure 3 fully describe the per-
formance of the studied cells, but for potential practical indoor
applications of PSCs, it is more instructive to plot the depen-
dence of the PSC output power density on the LED lighting
power density on a linear scale as it is presented in Figure 5. For
example, the PSCs used in this study can provide a power density
of 38 yWcm ™ under LED illumination with 0.12 mW cm 2
power density. Additionally, a power density of 20-60 pW cm™
can be expected in suggested room lighting conditions (white
LED illumination of 200-500 Ix). This value can be used to esti-
mate the solar cell (or module) area required to supply power to
certain electronic applications in an indoor setting.

Comparing the results of this work with the literature
data,3%3Y we conclude that the PSC with the CH3NH;Pb(Ipg Bro,)s
bandgap and CMC:ICBA has exceptionally good performance
under white LED illumination of 100-10001x (Table 2) and
stays on par with or exceeds the best values reported in the

2

Adv. Energy Sustainability Res. 2024, 5, 2400032 2400032 (5 of 8)

LED light illuminance [Ix]

0 200 400 600 800
T T T T T
100 f 8 i
- 200-500 Ix
5 sof : 1
=
=
> 60} L i
K7)
c (o]
3
S 40} 1
g :
2 20 L ° & CHyNH,(Pbl, Bry ,); /ICMC:ICBA |
s @ U ®  CH NH,(Pbly ¢Br,.); /PCBM
% qq c @  GH,NH,(Pbl, 4Bry ,); /PCBM:CMC
3 ol | o CH3NH3FI’bI3/PCBM | 1
0.0 0.1 0.2 0.3 0.4

LED light power density [mW/cm?]

Figure 5. Dependence of the output power density of PSCs on the power
density delivered by the LED light source. The blue region represents stan-
dard office room conditions (200-500 Ix).

literature, especially relevant for indoor application range of
200-500 1x.['>2531

3. Conclusion

We studied the potential of high-bandgap PSCs for indoor appli-
cations under LED light. The quantum efficiency of PSCs closely
matches that of common LED lights, thereby providing efficient
absorption. Therefore, further performance improvement efforts
must focus on Voc and FF under low-intensity LED light. To
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Table 2. Comparison of the performance between the
CH3NH;Pb(lgg Bro2)s cell with CMC:ICBA electron transport layer and
other reported perovskite cells in similar conditions.

Irradiance llluminance of LED Cell efficiency [%] References This work [%]
0.3mWcm 2 800 Ix 40.1 3] 323
- 1000 Ix 36.2 [29] 326
0.3 mWcm 2 1000 Ix 27.4 31] 326
- 400 Ix 26.9 [28] 30.9
- 200 Ix 25 30] 29.4
- 100 Ix 225 B31] 28.5

achieve a high Vo under low-light conditions, we studied PSCs
with a wide-bandgap CH;NH;3Pb(IogBro,); absorber layer
(E;=1.72eV) in combination with three ETLs (PCBM) and
two PCBM:CMC and CMC:ICBA fullerene combinations. The
high-bandgap cells were compared to a reference cell with a
CH;3NH;Pbl; absorber layer (E;=1.6eV) and a PCBM ETL.
The wide-bandgap CH3NH3Pb(IygBrg,)3 solar cells showed
1 Sun Voc of 1.24-1.29V, while CH3;NH;PbI; solar cell showed
lower 1 Sun V¢ of 1.18 V.

All solar cells were tested under LED illumination with illumi-
nance ranging from 5 to 40000Ix. The wide-bandgap
CH;NH;3Pb(Ip g Brg,); cells reveal persistent Vo with flat depen-
dence on irradiance corresponding to an ideality factor of ~1.6
and a Vo of 1 V around 200-500 Ix. The reference CH;NH;PbI;
cell showed a Vo of 0.86V at 200-5001x and a steeper Voc
dependence on irradiance with ideality factor of %.2.25.

All studied cells show high FF under low light due to high
shunt resistance above 1000 kQcm?. However, the wide-bandgap
cells demonstrate a higher FF in most cases with FF of ~80% at
200-500 Ix. With similar currents but higher Voc and FF values,
the wide-bandgap cells show a significant gain in efficiency as
compared to the reference CH;NH;PDI; cell.

Efficiencies of 30-32% are observed in the range of 200-
500 Ix, dropping to 28.5% at 100 Ix for the highest V¢ cell with
a CH;3NH;PDb(Iyg Bry); absorber layer and a CMC:ICBA elec-
tron transport layer. These results agree with the performance
of the best reported PSCs under white LED illumination!****-3!
and demonstrate the high potential of the PCSs for indoor light
harvesting. To facilitate the practical use of these devices, we
present the dependence of the output power density on LED light
power density. We expect that light harvesters based on PCSs will
deliver ~20-60 pW cm ™2 under realistic room lighting conditions.

4. Experimental Section

While standards for low-light LED characterization of solar cells are yet
to be developed, there are several light conditions that one can usually see
in the literature. The region of 300-500 Ix of “white LED” is a standard for
office work.) Jobs involving small objects require higher illuminance,
whereas offices and nonworking areas can have lower average illumination
levels.*”) Consequently, the test conditions used in the literature varied
between 100 and 1000 Ix. At the same time, the standards for illuminance
are defined for working desks, while light-harvesting devices can be
installed anywhere in a room. Hence, a real room can provide an even
wider range of conditions including shaded areas with extremely low illu-
mination. For example, the DIN EN 12464-1 standard sets minimal
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Figure 6. Normalized spectral irradiance of the solar simulator (gray area)
and the white LED lamp (red area) used in this study. The spectra are
compared with the external quantum efficiencies of CH3;NH;3Pbl; (black
line) and CH3NH;3Pb(lgg Bro2)s (blue line) PSCs.

illuminance of 30-50Ix on ceilings and 50-75Ix on walls. This article
addresses the performance of PSCs in a wide range of possible conditions
from 5 to 40 000 Ix, while extending the standard range of office conditions
to the 200-500 Ix range.

Characterization of solar cells under 1 Sun illumination (AM1.5 spec-
trum, 100 mW cm™?) was performed using a class-A sun simulator. A
commercially available white LED lamp (Cree XLamp CXA3050 LED with
a color temperature of 3000 K) in combination with a neutral-density OD1
filter served as the light source for indoor illumination tests. The standard
test procedure involves measurements at different LED light powers, pro-
gressing from the lowest to highest power. We chose this progression to
avoid possible light soaking!*®*% and the influence of the measurements
performed at high intensity on the measurements at low intensity. For
current—voltage characterization, both forward and backward voltage
sweeps were done with 0.01 V steps, 20 ms delay, and LED light remaining
between the sweeps and changes in irradiance. All presented results cor-
responded to the down-sweep (Voc aJsc) direction.

The power output of the LED lamp was controlled by the LED lamp cur-
rent. Solar and LED spectra were measured with a compact array spectrom-
eter from “Instrument Systems” at a predefined set of currents. One of the
resulting normalized spectra is presented in Figure 6. From these measure-
ments, the dependence of the irradiance E. on the LED current was deter-
mined and used to interpolate points that were not measured. The spectral
response of the neutral-density filter was calculated separately and multi-
plied by the measured LED spectrum. The illuminance E, of the LED lamp
was calculated from the spectrum of the LED lamp with a filter at 210 mA
LED current and was derived as E,(x) = E,(210 mA) * P4(x)/P4(210), where
E, is illuminance of the LED lamp and Py is power density for all other mea-
surement points. Detailed description of LED light characterization and cal-
culation of illuminance is presented in the Supporting Information.
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Supporting Information is available from the Wiley Online Library or from
the author.
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