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ARTICLE INFO ABSTRACT

Keywords: In this study, we propose to improve the photostability of large-area (up to 19.35 cm?) printed organic photo-

Photostability voltaics (OPVs) through luminescent solar concentrators (LSCs), which convert high-energy short-wavelength (4

Il;a‘rge-;rea < 600 nm) photons to low-energy long-wavelength (1 > 600 nm) photons. We investigate the impacts of the
rinte

luminophore concentration and waveguide surface roughness on the power conversion efficiency (PCE) of the
OPV-LSCs with sizes from 1 inch (2.54 cm) to 12 inches (30.48 cm), corresponding to front surface areas from
6.4516 cm? to 929.0304 cm?. For the 6-inch (232.26-cm?) OPV-LSCs, the results show that a high waveguide
surface roughness (R; = 63 nm) leads to devices with a high device PCE (sc = 0.93%) and wide external
quantum efficiency (EQE) from 400 nm to 800 nm. Detailed edge emission analysis on the luminescent wave-
guides indicates an edge emission with a large fraction (>95%) of long-wavelength photons comprised of a large
fraction (>25%) of near-infrared (NIR) (1 > 700 nm) light. This leads to the photostability (defined as the hours
when the PCE drops by 10%) of the OPV-LSCs significantly improved to 320 h under continuous 1 sun illumi-
nation (the photostability of the OPVs is only 25 h). The approach of OPV-LSCs paves the way to practically
improve the photostability of large-area printed OPVs.

Organic photovoltaics
Luminescent solar concentrators
Power conversion efficiency

1. Introduction photodegradation of the OPVs is the absorption of short-wavelength (1

< 600 nm) photons. Short-wavelength photons are high-energy photons

The research efforts toward the technology development for eco-
friendly energy have been accelerated in the past decade owing to
concerns of global warming and environmental issues [1-3]. Among
various eco-friendly technologies, photovoltaic (PV) technologies, that
enable the direct generation of electricity from light, have demonstrated
significant potential for satisfying the growing demand for clean and
renewable energy [4-6]. Organic PVs (OPVs), which utilize
light-absorbing organic materials, have received a lot of attention
because they offer the attractive prospect of low-temperature, sol-
ution-processed fabrication such as roll-to-roll and inkjet printing,
which have the potential to dramatically lower the cost of solar energy
production [7-9]. While numerous advancements have been made and
OPVs with power conversion efficiency (PCE) comparable to conven-
tional silicon-based PVs have been achieved in recent years, challenges
remain in developing devices with high photostability, especially for
large-area devices [10-12]. One of the primary reasons for the
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that release a large amount of heat during the photoelectric conversion,
which warms up the devices and changes the physical and chemical
properties of organic materials, and eventually affects the performance
of the OPVs.

An effective approach to circumventing this issue is to convert short-
wavelength photons to long-wavelength (4 > 600 nm) photons before
the photoelectric conversion [13-15], which has been successfully
applied to improve the operational stability of organic and
organic-inorganic hybrid PVs [16,17]. The long-wavelength photons are
low-energy photons that release much less heat during the photoelectric
conversion than the short-wavelength photons. A good platform for the
wavelength conversion is the luminescent solar concentrator (LSC) as
shown in Fig. la. A typical LSC consists of a luminophore-doped
waveguide with PV cells attached to the edge of the waveguide
[18-20]. The luminophores absorb short-wavelength photons and emit
long-wavelength photons inside the waveguide, which follow total
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internal reflection (TIR), reach the edge of the waveguide, and are
absorbed by the edge-attached PV cells. This design allows LSCs to show
the capability to transform exterior building parts such as windows,
facades, and atriums into energy-harvesting devices, which enables the
possibility to harvest solar energy almost everywhere within our com-
munity [21-23]. Moreover, their capabilities of harvesting direct and
diffused light and being designed with different colors and shapes have
enabled them to be utilized in various outdoor and indoor environments
[24-26].

In this study, we fabricated the large-area (up to 19.3548 cm?)
printed OPVs and integrated them with the LSCs. In this system, the
OPVs only absorb low-energy long-wavelength photons that are deliv-
ered by the luminescent waveguide, as shown in Fig. 1b, and therefore
the photostability of the OPVs is improved. Two different luminophore
concentrations were used in the waveguide and surface scattering
treatment (SST) was applied to the waveguide to adjust the percentage
of long-wavelength photons in the edge emission of the waveguide.
Highly photostable OPV-LSCs were achieved with only a 10% drop in
the original PCE after continuous 1 sun illumination for 320 h.

2. Experimental
2.1. Materials and instrumentations

All chemicals were used as received without further purification. The
ITO-coated glass substrates, PEDOT:PSS (Clevios P VP Al 4083, Her-
aeus), PC7oBM, 1,8-diiodooctane (DIO), bathocuproine (BCP), monomer
methyl methacrylate (MMA), azobisisobutyronitrile (AIBN), and
ethylene vinyl acetate (EVA) were purchased from Sigma-Aldrich. The
luminophore R305 was purchased from TCI America. The UV-curing
optical adhesive was purchased from eBay.

An OAI class AAA solar simulator was used to provide simulated
AM1.5G sunlight. The J-V characteristic curves were measured using a
Keithley 2401 source meter. The power conversion efficiencies (PCEs) of
the OPVs and the OPV-LSCs are defined according to the standard
definition of the PCE of a PV device, which is the electric power from the
device relative to the incident power on the device. The electric power
was calculated from the J-V characteristic curve of the device measured
under AM1.5G simulated sunlight with a power density of 1000 W m™2.
The external quantum efficiency (EQE) spectra of the OPVs and the OPV-
LSCs were performed on an Enlitech QE-R3011 system. The absorption
spectrum of R305 was measured using a Varian Cary 5000 UV-Vis-NIR
spectrometer. The emission spectrum of R305 was recorded on an ISS
PC1 photon-counting spectrofluorometer. The edge emission spectrum
of the waveguide was measured using an integrating sphere connected
to a Hamamatsu C9920-12 EQE measurement system. The photo-
stability of the OPVs and the OPV-LSCs were tested according to the
ISOS (international summit on OPV stability) protocol [27].

2.2. Fabrication of the OPVs

The fabrication of the large-area printed OPVs is according to

Optical Materials 108 (2020) 110194

literature [28-30]. The chemical structure of the small-molecule donor,
LGC-D023 [31], used in the OPVs, is shown in Fig. 2a. The energy dia-
gram of the components in the OPVs is depicted in Fig. 2b. The
ITO-coated large-area (4 x 4 in2, 10.16 x 10.16 cm?) glass substrates
were exposed to UV/ozone for 15 min. PEDOT:PSS was spin-coated at
5000 rpm for 40 s and then thermally annealed at 150 °C for 10 min to
form the hole-transport layer. The active layer solution was prepared by
mixing LGC-D023 and PC7(BM (1:2, w/w) in chlorobenzene with DIO
(3%, v/v%). Then, the active layer solution was slot-die coated on the
top of the hole-transport layer under the ambient condition at a coating
speed of 12 mm s’l, as illustrated in Fig. 2c [32]. An additional Ny
blowing system was introduced to produce uniform and defect-free
optimized organic films [33]. Finally, BCP (3 nm) and Ag (80 nm)
layers were deposited on the top of the active layer by thermal evapo-
ration. The module was cut and reconnected in parallel to fit the edge
size of waveguide (0.25 x 1-12in?, 0.635 x 2.54-30.48 cm?). The OPVs
were encapsulated using EVA according to the literature [34,35].

2.3. Fabrication of the LSCs

The LSCs used in this study are red-emission LSCs as depicted in
Fig. 2d. The fabrication of the LSCs was according to the literature [36].
As shown in Fig. 2e, A solution containing R305 (7.5 or 760 ppm, cor-
responding to the optical density (OD) of the luminescent waveguides
being 1.0 or 4.0) and AIBN (0.1%, w/w%) in MMA was pre-polymerized
at 85 °C for approximately 10 min. The glycerol-like viscous syrup was
poured into a glass mold and further polymerized at 45 °C for 48 h,
following by full polymerization at 100 °C for 2 h. The resulting raw
waveguide was processed by mechanical power tools to a square-shaped
waveguide. The thickness was 0.25 inch, and the size was from 1 inch
(2.54 cm) to 12 inches (30.48 cm), corresponding to a front surface area
from 6.4516 cm? to 929.0304 cm?. The OPVs were then attached to the
edge of the waveguide using UV-curing optical adhesive. They were
connected in parallel to maximize device performance [37]. The geo-
metric factor (G) of the devices is from 1 to 12, which is numerically
equal to the device size (L). In this report, we present L instead of G
because L directly reflects how large the device is.

3. Results and discussion
3.1. PV performance of the OPVs

Before attaching the OPVs to the waveguides, we first look at the PV
performance of the OPVs. In our study, the largest area for the printed
OPVs is 19.3548 cm?, which matches the edge area of the 12-inch
(929.0304-cm?) luminescent waveguide. As shown in Fig. 3a, the
power conversion efficiency of the OPVs (PCE) (cen) is 4.44%. The
corresponding short-circuit current density (Jy,cen), open-circuit voltage
(Vo cet), and fill factor (FFeey) are 90 A m~2, 0.80 V, and 0.62, respec-
tively, which are consistent with the literature [30]. The external
quantum efficiency of OPV (EQE,) ranges from 300 nm to 800 nm, and
the values are below 0.50, as depicted in Fig. 3b. The low EQE_; values
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Fig. 1. a) Schematic representation of the application and architecture of the LSCs. b) Energy diagram showing the delivery of low-energy long-wavelength photons

from the luminescent waveguide to the OPVs.
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Fig. 2. a) Chemical structure of LGC-D023. b) Energy level diagram of the components in the OPVs. Pictures showing c) the slot-die coating process of the OPVs and
d) the red-emission LSCs. e) The fabrication process of the LSCs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 3. a) J-V characteristic curve of the OPVs. b) EQE,,; superimposed with the normalized emission spectrum of R305.

are possibly due to the large device area, which is typically associated
with high internal resistance caused by a large amount of electron-hole
recombination [38,39]. The EQE,.; shows a relatively weak response
(<0.4) to the incidence below 600 nm but a relatively strong response
(>0.4) beyond 600 nm, which suggests that the long-wavelength photon
is more favorable to the OPVs than short-wavelength photons. The
emission spectrum of R305 ranges from 500 nm to 700 nm and centers at
605 nm, which is close to the strong response region of EQE.., which
indicates that the R305-based waveguides are suitable for the OPVs.

3.2. PV performance of the OPV-LSCs

After having the PV performance of the OPVs, we then attached the
OPVs to the luminescent waveguides and measured the power conver-
sion efficiency (PCE) of the OPV-LSCs (11s¢) with sizes (L) from 1 inch
(2.54 cm) to 12 inches (30.48 cm), corresponding to front surface areas
from 6.4516 cm? to 929.0304 cm2. The OPV-LSCs were investigated
using two luminophore concentrations (C): a low concentration of 7.5
ppm and a high concentration of 60 ppm. Surface scattering treatment
(SST) was applied to the luminescent waveguides to investigate the

scattering effect on the PV performance of the OPV-LSCs. The detailed
procedures for the SST are described in the literature [40]. The
root-mean-squared surface roughness (R,) of the front surface of the
luminescent waveguides changes is 15 and 63 nm before and after the
SST.

The relationships between the ;5c and the L before (R; = 15 nm) and
after (R; = 63 nm) the SST are depicted in Fig. 4a and b, respectively.
The overall results show that, the 17;5¢ decreases with the increase of the
L regardless of the C and the SST, suggestive of the increase of the photon
energy loss. Before the SST, increasing the C significantly improves the
nisc- For example, for the 6-inch (232.2576-cm?) devices, the nLsc is
increased from 0.75% to 0.89% (approximately +19%) when the C is
increased from 7.5 ppm to 60 ppm, which is due to the increase of the
number of photons absorbed and converted by the luminophores. After
the SST, increasing the C does not improve the 5. s¢c much, and the
improvement becomes less and less with the increase of the L. For
example, the 6-inch devices exhibit a 5;s¢c of 0.93% despite the C being
increased from 7.5 ppm to 60 ppm. This is because the scattering effect
disturbs the total internal reflection (TIR)-based transport of the
luminophore-emitted photons within the waveguide. The improvement
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Fig. 4. The relationship between the 7.5¢ and the L for the devices with C of 7.5 and 60 ppm a) before and b) after the SST. The EQE s for devices with C of 0, 7.5,

and 60 ppm c) before and d) after the SST.

in the npg¢ after the SST indicates the beneficial impact of the scattering
effect, and the impact is more evident in small-area (L < 4 inches or
10.16 cm) devices. This is because the SST enhances the device perfor-
mance through the scattering mechanism, while the small-area devices
exhibit less scattering loss and less luminophore self-absorption loss
than the large-area devices [40,41].

To further understand the PV performance of the OPV-LSCs, we
measured the external quantum efficiency (EQE) of the devices
(EQELsc). The results for the 6-inch devices before and after the SST are
presented in Fig. 4c and d, respectively. The spectral range of the EQEs¢
is up to 800 nm, beyond which the OPVs do not exhibit any photon
absorption (Fig. 3b). Before the SST, increasing the C significantly im-
proves the EQEgc, especially below 550 nm. The relatively high EQEs¢
from 350 nm to 620 nm is primarily due to the photon conversion of the
luminophores. The relatively low EQEjsc from 620 nm to 800 nm is
primarily due to the scattering effect, which is evidenced in the overlap
with the EQEyg¢ of the blank (C = 0 ppm) device. The EQE;s¢c between
550 nm and 600 nm is independent of C, which is possibly due to the
scattering effect that disturbs the photon absorption. After the SST, the
EQE]sc becomes broader, and the impact of the C becomes minimal. A
majority of the EQEjsc is from the scattering effect as it overlaps a lot
with the EQEjs¢ of the blank device. Though the photon conversion of
the luminophores is affected by the scattering effect, it contributes to the
EQE;sc below 620 nm, which balances the region of the photon con-
version (4 = 350-620 nm) with the region of the scattering effect (1 =
620-800 nm). This balance suggests the beneficial impact of the SST on
the PV performance of the OPV-LSCs.

3.3. Edge emission of the luminescent waveguides

The difference in the EQEjsc for 6-inch (232.26-cm?) OPV-LSCs
encouraged us to investigate the edge emission of the luminescent (C
= 7.5 and 60 ppm) waveguides before (R; = 15 nm) and after (R; = 63
nm) the SST. To compare the edge emission of the luminescent wave-
guides under different conditions in a fair way, the measured edge

emission spectrum was normalized over the spectral area from 600 nm
to 800 nm and then multiplied with the short-circuit current density of
the OPV-LSCs (Ji,1sc). The edge emission of the blank (C = 0 ppm)
waveguides before and after the SST was also measured to understand
the role of the SST in the edge emission of the luminescent waveguides.

As shown in Fig. 5a, before the SST, the edge emission of the blank
waveguides is very weak, and the spectrum ranges from 400 nm to 800
nm. For the luminescent waveguides as depicted in Fig. 5b, the short-
wavelength (1 < 600 nm) photons are down-shifted to long-
wavelength (4 > 600 nm) photons, and the spectrum primarily ranges
from 600 nm to 800 nm. The red-shifted edge emission with higher in-
tensity for the luminescent waveguides with higher luminophore con-
centration indicates the increased self-absorption of the luminophores.
The spectral tail between 700 nm and 800 nm suggests a low degree of
scattering effect. The edge emission changes significantly for the lumi-
nescent waveguides after the SST. As shown in Fig. 5c, the blank
waveguides exhibit significantly enhanced emission intensity from 400
nm to 800 nm. For the luminescent waveguides as depicted in Fig. 5d,
the edge emission shows distinctive scattering peaks (700-800 nm)
besides the emission peak of the luminophores. The broad edge emission
comprised of a large fraction of scattering peaks leads to similar EQEsc
for the devices with C of 7.5 and 60 ppm after the SST.

The spectral properties of the edge emission for the blank and the
luminescent waveguides before and after the SST are listed in Table 1.
Before the SST, the edge emission power density of the blank wave-
guides is 164 W m_z, comprised of a large fraction (55%) of short-
wavelength photons and nearly balanced fractions of long-wavelength
visible (25%) and near-infrared (NIR) (20%) photons. The edge emis-
sion power densities of the luminescent waveguides with C of 7.5 and 60
ppm are 452 and 529 W m ™2, respectively, comprised of a large fraction
(>90%) of long-wavelength visible photons. After the SST, the edge
emission power density of the blank waveguides is significantly
increased to 938 W m ™2, with the fraction of the short-wavelength and
long-wavelength photons minimally changed. The edge emission power
densities of the luminescent waveguides with C of 7.5 and 60 ppm are
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Fig. 5. Normalized edge emission spectra of the blank and luminescent waveguides before and after the SST.
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Table 1
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Spectral properties of the edge emission spectra of the blank and luminescent waveguides before and after the SST.

C Edge emission power density (400-800 Percentage of short-wavelength Percentage of long-wavelength photons
nm) photons
Visible (400-600 nm) Visible (600-700 NIR (700-800 NIR/visible
nm) nm) ratio
Before the 0 ppm 164 W m 2 55% 25% 20% 0.8
SST 7.5 452 Wm 2 1% 92% 7% 0.076
ppm
60 ppm 529 Wm™? 0% 94% 6% 0.064
After the SST 0 ppm 938 Wm 2 43% 29% 28% 0.97
7.5 856 W m~2 3% 68% 29% 0.43
ppm
60 ppm 853 Wm™? 0% 71% 29% 0.41

856 and 853 W m~2. The fraction of the NIR photons is significantly
increased to 29%, and the visible/NIR ratio is also increased to over 0.4.
The large fraction (>95%) of the long-wavelength photons comprised of
a large fraction (>25%) of NIR photons for the luminescent waveguides
after the SST would be beneficial to the photostability of the OPVs when
attached to the luminescent waveguides.

3.4. Photostability of the OPVs and the OPV-LSCs

Our final task is to examine the photostability of the OPVs and the
OPV-LSCs. As shown in Fig. 6a, the OPVs exhibit a fast decay in the #ceq
with the increase of the illumination time (t) under continuous 1 sun
(1000 W m’z) illumination. The photostability (defined as the hours
when the PCE drops by 10%) of the OPVs is 25 h, which is consistent
with a previous report [30] and due to the use of DIO during the device
fabrication [42]. The 7.y drops to below 80% of the original value after
120 h and finally reaches 70% of the original value at 320 h.

The initial 5;g¢ for the OPV-LSCs in the photostability test is given in
Fig. 6b. Before the SST (Ry = 15 nm), the initial #.sc are 0.17%, 0.75%,
and 0.89% for C of 0, 7.5, and 60 ppm, respectively. The low 5.s¢ for C of
0 ppm is due to the low edge emission power density of 164 W m™2
(Table 1). After the SST (Rq = 63 nm), the 5j;s¢ for C of O ppm is increased
to 0.88% as the edge emission power density is significantly increased to
938 W m~2 (Table 1) due to the scattering effect. The npsc for C of 7.5
and 60 ppm are also increased to 0.93% and 0.94%, respectively.

Before the SST, the photostability of the OPV-LSCs for C of 0, 7.5, and
60 ppm are 40, 50, and 60 h, respectively, as shown in Fig. 6¢. The
improved photostability of devices with C of 0 ppm (40 h) compared
with the photostability of the OPVs (25 h) is due to the low edge
emission power density (Fig. 6b). However, it is still lower than the
photostability of the devices with C of 7.5 (50 h) and 60 ppm (60 h),
because of a large fraction (55%) of short-wavelength (A < 600 nm)
photons in the edge emission (Table 1). After the SST, the photostability
of the devices with C of 0 ppm drops to 33 h, which is close to the
photostability of the OPVs (25 h) due to a high edge emission power
density (938 W m~2) with a large fraction (43%) of the short-wavelength

photons (Table 1). The photostability of the devices with C of 7.5 and 60
ppm are significantly improved to 213 and 320 h, respectively, despite
higher edge emission power densities (>850 W m~2) than those before
the SST (<550 W m™~2) (Table 1). The results suggest that a large fraction
(>95%) of long-wavelength (4 > 600 nm) photons with a large fraction
(>25%) of NIR (700-800 nm) photons is a more decisive factor on the
photostability of the OPV-LSCs compared with the edge emission power
density. Therefore, the highest photostability of the devices with C of
7.5 ppm after the SST is primarily due to a large fraction (97%) of long-
wavelength photons with a high NIR/visible ratio (0.43) (Table 1).

4. Conclusions

In summary, we applied large-area (up to 19.3548 cm?) printed
organic photovoltaics (OPVs) to luminescent solar concentrators (LSCs)
and addressed the poor photostability of the OPVs through the wave-
length conversion of the luminophores, which converted high-energy
short-wavelength (4 < 600 nm) photons to low-energy long-wave-
length (4 > 600 nm) photons. The PV performance of the OPV-LSCs was
investigated for the devices with luminophore concentrations of 7.5 and
60 ppm before and after the surface scattering treatment (SST). The
results for the EQE measurement on the 6-inch (232.2576-cm?) devices
after the SST showed a significantly enhanced long-wavelength response
region (600-800 nm). The analysis on edge emission of the luminescent
waveguide indicated a large fraction of NIR (700-800 nm) photons of up
to 29%. The photostability of the OPVs was significantly improved
through the integration with the LSCs. The OPV-LSCs with a C of 7.5
ppm after the SST sustained 90% of the original PCE after 320 h of
continuous 1 sun illumination. This was significantly longer than the
OPVs, which exhibited a 90% drop in PCE after 25 h of continuous 1 sun
illumination.
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