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ABSTRACT

Semitransparent organic photovoltaics (ST-OPVs), due to their transparency, can be integrated into building designs through building
integrated photovoltaics (BIPVs) to address the energy challenges posed by urbanization. While current BIPVs such as photovoltaic windows
meet the criteria for both the power supply and urban esthetics, a crucial aspect remains underexplored in the existing research: the human
experience under such modulated sunlight. In this study, we conduct a systematic analysis of the interaction between spectrally tunable ST-
OPV materials and human cognition and emotion, proposing a framework for selecting user-friendly ST-OPVs. Our results reveal that pre-
dominant high-performance donor polymer materials negatively influence user emotions. To address this issue, we employed spectrum shap-
ing optical structures to optimize the device transmittance and color rendering properties, to achieve desirable human emotion feedback.
This groundbreaking study delves into the user experience of ST-OPV devices, playing a crucial role in addressing the energy demands of

urbanization and paving the way for the realization of smart, sustainable, and healthy cities.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0256211

The rapid urbanization projected to cover 70% people worldwide
by 2050 poses significant challenges in the environmental and energy
sectors, necessitating innovative solutions to address these complex
issues.' * Therefore, developing green urban energy systems that can
replace traditional fossil fuels is crucial. These systems must not only
be adaptable to the design of various types of urban buildings but also
customizable to meet the diverse needs of different users.
Semitransparent organic photovoltaic (ST-OPV) devices offer broad
application potential, as they can be integrated into smart energy-
generating windows, colorful skylights, greenhouses, and building
facades.” '’ These devices not only increase the solar energy collection
area in cities but also enhance the esthetic appeal of buildings, making
them a focal point of interest for researchers.

ST-OPV tunable spectral properties allow integrated windows to
be customized for various urban infrastructures, such as office

buildings, hospitals, and educational institutions, thereby facilitating
power generation and regulating indoor lighting conditions.'" '
Despite significant advancements in the power conversion efficiency
(PCE) of semitransparent organic photovoltaic devices, the selection of
photovoltaic systems for different urban scenarios remains unclear.
While it is widely accepted that the use of white light in office environ-
ments can enhance concentration and work efficiency,'”'* prevailing
color analyses anchored in the CIE1931 standard overlooks the lumi-
nance of the transmitted light, a critical physical parameter for con-
sumers. Consequently, the generalized spectrum of white light can
elicit significantly different effects on individuals’ emotional and physi-
ological health. For example, Tzempelikos et al. found that neutral
light rich in blue can enhance employee performance, while white light
with higher saturation can increase employee error rates.'” Kwallek
et al. investigated the influences of interior colors on worker’s
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productivity and found the effects vary among different people and
could have opposite impact on long-term and short-term productiv-
ity.”” Therefore, understanding and optimizing the impact of ST-OPV
devices on user visual interactions is a crucial step toward their com-
mercialization, as for ST-OPV devices, user experience holds the same
important position (or even more) compared to device performance.

In this work, we analyzed the impact of different ST-OPV devices
from the perspective of urban building users and propose the require-
ments for ST-OPV devices in smart, green, and harmonious cities.
Surprisingly, we observed that although donor polymers are one of the
prerequisites for achieving high PCE in ST-OPV, their effects on user
emotional feedback are negative. To examine the practical significance
of ST-OPV modulation, we conducted biological experiments under
various lighting conditions (open field tests with mice) and demon-
strated that comfortable lighting conditions have diverse effects on
mice behaviors. Subsequently, we analyzed the impact of a series of
organic photovoltaic materials on smart windows and human emo-
tions. Simply reducing donor materials proportion can quickly elicit
positive emotional feedback from users, whereas the compensation is
the reduced device performance. Therefore, we employed spectrum
shaping optical structures to achieve a series of high-performance ST-
OPV devices with desirable light utilization efficiency (LUE), color
rendering index (CRI>97), and positive emotional feedback. This
work explores the user experience of ST-OPV devices, offering a signif-
icant contribution to meeting the demands of urban environments
and fostering the development of intelligent, sustainable, and healthy
cities.

Figure 1(a) shows the color space diagram of CIE 1931, which is
widely used in light source evaluation and currently used in the ST-
OPV device field to characterize the color properties of devices.
However, the CIE 1931 color space has limitations in representing cer-
tain colors (lacking a brightness dimension). For instance, as shown in
Fig. S1, two shades of red with RGB values (255, 0, 0) and (125, 0, 0)
share the same coordinates (0.64, 0.33) in the CIE 1931 space.
Therefore, the CIE 1931 color space cannot distinguish between these
two colors and does not provide accurate color properties, making it
unsuitable for studying the emotional correlation of ST-OPV devices.
Figure 1(b) shows the CIE Lab color space, which more accurately
reflects perceptual color differences and is often used in color differ-
ence calculations (e.g., AE) and cross-device color matching. As can be
seen from Fig. S1, it accurately distinguishes the different color charac-
teristics of the two red colors. Hence, we propose a method to accu-
rately obtain the color properties of semitransparent devices (detailed
in the ESI). Based on the acquired color properties, we further provide
a conversion method between color and PAD emotions”’ (with the
corresponding color-emotion associations derived from statistical
analysis). Based on the transmittance spectra of ST-OPV devices, the
color characteristics of the devices can be determined. Then, by corre-
lating the colors with the PAD emotional space, we can determine the
PAD emotional coordinates of the ST-OPV devices. The correspond-
ing calculation methods are detailed in the supplementary material.
Figure 1(c) shows the PAD emotion space, which divides human emo-
tions into eight quadrants based on PAD variations. The specific distri-
bution of different emotions is shown in Table SI. Figure 1(d)
demonstrates the impact of different color properties on PAD emo-
tions. It can be observed that colors with high brightness and low satu-
ration induce a sense of pleasure, leading designers to naturally
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incorporate these colors into their overall design. Subsequently, we
analyzed different PAD emotion coordinates corresponding to a wide
range of different colors (corresponding calculation methods are pro-
vided in ESI), as shown in Fig. 1(e).

To test the practical significance of photovoltaic window regula-
tion, we designed an open field test for C57BL/6N mice under different
light environments, with the experimental setup shown in Fig. 2(a).
The illumination of different color light environments is controlled at
1001lux to avoid interference caused by illumination. Five mice were
selected for each color light environment. If mice exhibit significant
behavioral differences under different light environments, it indicates a
correlation between light environments and biological emotions.
Figures 2(b) and 2(c) show the heatmaps of time spent, movement
paths of the mouse’s central point, and instant movement speed for
the entire duration of the test under red, green, and blue LED light
environments. Typically, mice tend to move around the periphery due
to thigmotaxis (preference for close contact with walls), but their curi-
osity about their surroundings leads them to explore the central
area.”” " Therefore, mice with lower anxiety levels spend more time in
the center. Conversely, mice with higher anxiety levels spend less time
in the center. Analysis showed that under red light, mice spent more
time in the central area, indicating lower anxiety levels in the red light
environment. Figures 2(d)-2(j), respectively, depict the time spent in
the center, total movement distance, average speed, and time spent in
slow movement. Excited mice are more active, and, thus, their total
movement distance and average speed increase. In contrast, depressed
mice move less voluntarily, covering shorter distances with lower aver-
age speeds and spending more time in slow movement. Under red
light, the total movement distance of mice increased, the average speed
was higher, and the slow movement time was the shortest, indicating
that the mice were more excited than other light conditions.
Ultimately, the trajectory distribution map of mouse trajectories and
voluntary movement monitoring show that mice exhibited higher
excitement levels and lower depression levels under red light, confirm-
ing that different light environments, indeed, affect animal emotions.
Therefore, the impact of different ST-OPV devices on human emo-
tions is an issue that needs to be studied and addressed before their
widespread application.

The analysis of the open field test for mice confirmed the impact
of different color environments on animal emotions. Suitable color
environments can help people work more efficiently and relax better,
but it is still unclear which light environments are most suitable for
humans. Therefore, we analyzed the PAD emotions of humans
exposed to various light sources over a long period, such as sunlight,
moonlight, and LEDs of different color temperatures, with their corre-
sponding spectra shown in Fig. 3(a). These light sources correspond to
PAD emotion coordinates of +P-A-D, representing calmness, compli-
ance, and relaxation, as shown in Fig. S2. This is because sunlight, as
the primary light source, has accompanied human evolution for mil-
lions of years.””*® During this time, the human body and its organs
have adapted to sunlight, making it considered the healthiest and most
comfortable light. Numerous studies have shown that sunlight can
stimulate the brain to release neurotransmitters like serotonin, thereby
enhancing mood and alleviating mental stress.”” > Consequently, we
set the +P-A-D emotional coordinates associated with sunlight as the
optimization direction for semitransparent devices. Moonlight, essen-
tially reflected sunlight, and LEDs of different color temperatures
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correspond to the perception of sunlight at different times of the day.
They all achieve visual comfort similar to sunlight, thus obtaining the
+P-A-D emotional coordinates. Therefore, appropriate ST-OPV devices
should have visual comfort comparable to sunlight to achieve user emo-
tions like relaxation and compliance (+P-A-D emotion coordinates).
Next, we analyzed the color characteristics and PAD emotion
coordinates of different ST-OPV materials. Figure 3(b) shows the color
brightness and saturation of these materials and different light sources.
It can be seen that small molecule acceptor materials and light sources
have high brightness and low saturation. In contrast, donor polymer
materials exhibit low brightness and high saturation. Figure 3(c) is
a CIE Lab diagram, where the value of a" corresponds to the change
from green to red, and the value of b* corresponds to the change from

blue to yellow. The values of a* and b* range from —100 to 100, and
when both are zero, it corresponds to white. From the figure, it is clear
that acceptor materials and light sources are concentrated in the cen-
tral region (0,0), whereas donor materials are more distributed toward
the periphery. This is because the light absorption of acceptor materials
is concentrated in the non-visible region (as shown in Fig. S3), making
the transmission spectrum of visible light more uniform. On the other
hand, the light absorption of donor materials is mainly in the visible
light region (as shown in Fig. S4), resulting in uneven transmission of
visible light and more diverse color properties. In general, the intensity
of the transmission spectrum of devices affects the brightness, and the
uniformity of the transmission spectrum affects the saturation.
Although BTA3 and ITIC are acceptor materials, their absorption
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FIG. 2. (a) Schematic diagram of open field test (40 x 40 cm? floor). (b) Representative heatmaps of time spent and representative movement paths of the mouse’s central
point for the entire duration of the test under red (FF0000), green (00FF00), and blue (0000FF) light fields. (c) Representative instant movement speed of the mouse. Moving in
the central zone marked with green and instant movement speed higher than 0.2 m/s marked with purple. (d) Central residence time, (e) total travel distance, (f) mean speed,

and (g) low speed (<0.2 m/s) duration time in the test under different light fields.

peaks are similar to those of donor materials, focusing on the visible
light region of 500-700 nm. Therefore, the saturation and brightness
of the transmittance spectrum are closer to that of the donor material,
and the corresponding emotional results are different from those of
other acceptor materials. Figures 3(d) and 3(e) show the PAD emotion
coordinates corresponding to different light sources and ST-OPV
materials. Light sources and most acceptor materials exhibit +P-A-D
emotion coordinates (associated with relaxation and docility), whereas
donor materials exhibit +P+A-D emotion coordinates, differing from
sunlight.

The analysis of Fig. 3 indicates that donor and acceptor materials
generate +P+A-D and +P-A-D emotion coordinates, respectively.
Therefore, we studied the emotional changes in humans correspond-
ing to ST-OPV devices by adjusting the D:A ratio. To prepare high-
performance ST-OPV devices, we selected PM6:BTP-eC9 as the active
layer and fabricated devices with weight ratios of 1:1.2, 0.8:1.2, 0.5:1.2,
0.2:1.2, and 0:1.2. Figures S4(a)-S4(d) show the J-V curves, transmit-
tance spectra, CIE Lab coordinates, and PAD emotion coordinates of
ST-OPV devices under different D:A ratios. More detailed J-V parame-
ters are shown in Table S2. From Figs. S4(a) and S4(b), it can be seen
that reducing the donor ratio increases the transmittance of the ST-
OPV device in the visible region, but the PCE gradually decreases. As
the donor ratio decreases from 1 to 0, the CIE Lab coordinates move

toward the central region (0,0), and the PAD emotion coordinates of
the ST-OPV device shift from +P+A-D to +P-A-D, matching the
PAD emotion coordinates of sunlight. This change occurs because the
brightness of the device transmission spectrum correlates positively
with its integrated intensity in the visible region, while color saturation
correlates negatively with the uniformity of the transmission spectrum
(with sunlight having a brightness of 100 and saturation of 0).
Ultimately, a low donor ratio enhances the device visible light trans-
mission spectrum, increasing the transmission spectrum brightness
and reducing saturation, thus achieving the +P-A-D emotion coordi-
nates. Finally, under experimental conditions of 5000 rpm, the device
with a D/A ratio of 0.2:1.2 achieved the +P-A-D emotion coordinates,
whereas the corresponding PCE was only 0.73%, as shown in Fig. S5
and Table S3. Thus, while adjusting the D:A ratio of ST-OPV devices
can generate emotion coordinates similar to sunlight, ie., +P-A-D
emotion coordinates, the PCE of the device is very low, and therefore,
the D:A tuning is not an effective strategy to address this issue.

The aperiodic bandpass filters (ABPFs) can increase the AVT
while maintaining PCE, resulting in higher LUE values.'” To optimize
the PAD emotion coordinates while maintaining device performance,
we adopted the ABPF structure. Figures 4(a) and S7 show the J-V
curves, transmittance spectra, and EQE of ST-OPV devices with differ-
ent active layer thicknesses. The device structure is shown in Fig. S8,
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of different ST-OPV materials and light sources.

with detailed parameters provided in Tables S4-S6. As the active layer
thickness decreases, the increase in AVT outweighs the reduction in
PCE, allowing the LUE value to improve. All thicknesses achieved over
12% PCE, 25% AVT, and 3.80% LUE. Figures 4(b)-4(d) show the CIE
color coordinate diagram and digital photographs of different devices.
In addition to the high LUE devices, two sets of high CRI devices

(CRI>97) using the Fabry-Pérot resonant optical coating (FPOC)
structure are included. Detailed parameters and performance of these
devices are shown in Fig. S9 and Tables S7 and S8. The best color ren-
dering device achieved a CRI of 99.23 and an LUE of 3.55%. From the
CIE 1931 diagram [Fig. 4(b)], it can be seen that as the active layer
thickness decreases, the coordinates of high LUE devices gradually

PAD
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FIG. 4. (a) J-V curve of 90 nm active layer ST-OPV devices. (b) CIE 1931 coordinates, (c) digital photographs, (d) CIE Lab coordinates, and (e) PAD emotional coordinates of
different ST-OPV devices. (f) PAD emotional coordinates of ST-OPV devices from literatures and this work.
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approach those of sunlight. The coordinates of high CRI devices are
almost identical to those of sunlight. As shown in Fig. 4(d), with
decreasing active layer thickness, the ax value of high LUE devices
remains relatively constant, while the bx value increases from —11 to
—2, gradually approaching the coordinates of sunlight (0, 0). Figure 4
(e) shows the PAD emotion coordinates of devices with different thick-
nesses. Although devices with thicknesses of 120-150nm achieve
more than 14.50% PCE, their PAD emotion coordinates are -P-A-D,
corresponding to negative emotions like boredom, depression, and
lack of interest. As the active layer thickness further decreases to
110nm, the PCE drops to 14.16%, AVT increases from 31.12% to
34.45%, and LUE rises from 4.54% to 4.88%. The increase in AVT
leads to higher brightness in the transmittance spectrum (positively
correlated with the integral of the transmittance spectrum), causing
the PAD emotion coordinates to shift from -P-A-D to +P-A-D. This
change indicates a transition from negative to positive emotions, align-
ing with the emotional coordinates of sunlight. As the thickness of the
active layer decreases, the PAD coordinates of the device will move
closer to the sunlight coordinates. Additionally, the LUE values of
these devices all exceed 4.80%. The PAD coordinates of high CRI devi-
ces also lie in the +P-A-D region. Figure 4(f) shows the PAD emotion
coordinates from different literatures. In the figure, the LUE of the
device closest to sunlight PAD emotional coordinate is 2.15%.
Compared to other works, this work achieved high-performance devi-
ces with PAD emotional coordinates closer to sunlight while maintain-
ing a 5.18% LUE. This enables ST-OPV devices to simultaneously
meet urban energy needs and provide user visual comfort.

In this work, we established a correlation between ST-OPV devi-
ces and the perception of urban building users. Our analysis indicates
that the visual effects of sunlight, moonlight, and LEDs with a color
temperature range of 3000-6000 K contribute to emotions such as
relaxation and calmness. Subsequent device analysis indicated that the
high-performance donor polymers currently used in ST-OPV devices
play a significant role in determining the emotional impact on users
exposed to different lighting environments. However, their influence
on user emotions is negative. Simply reducing donor proportion can
quickly yield positive emotional feedback from users, whereas the
compensation is the reduced device performance. Therefore, we
adopted spectrum shaping optical structures to fabricate a series of ST-
OPV devices with desirable LUE (>4.80%), CRI (>99 with 3.55%
LUE), and positive emotional feedback. This work explores the user
experience of ST-OPV devices, providing a significant contribution to
the realization of smart, sustainable, and healthy cities.

See the supplementary material for PAD emotion coordinate cal-
culation, open field test, and experimental details, including perfor-
mance optimization and other characterizations for ST-OPV devices.
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