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ABSTRACT: Window application is the important aim for semitransparent solar 50 - J
cells (STPSC) investigation. Here, we demonstrate a method to achieve significantly 3 PCE=5.31% |
improved color rendering index (CRI), depressed chromaticity difference (DC), and 4or - 5 y

enhanced power conversion efficiency (PCE) simultaneously by introducing the % **H =

one-dimensional photonic crystals (IDPCs) Bragg reflector structure onto the
STPSC. The device performance is studied from aspects of color perception,
electrical properties, and theoretical optical simulations. The STPSCs exhibit
achromatic transparency nature color perceptions, especially for the STPSCs with
IDPCs (pairs > 3) under AM 1.5G illumination light source, standard illuminant
D65, and standard illuminant A. The excellent CRI is approaching 97 with lower DC 0
about 0.0013 for the device with S pairs of IDPC illumined by AM 1.5G illumination
light source. At the same time, the PCE of STPSC devices with S pairs of 1IDPC was
improved from 4.87 + 0.14% to 5.31 + 0.13% compared to without. This method
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provides a facilitative approach to realizing excellent SPTSC window application.
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1. INTRODUCTION

Building integrated photovoltaic (BIPV) is a novel application
of solar energy, which has been considered as an attractive area
of research based on the combination of large area buildings
and a huge photovoltaic market.' ™ The BIPV not only requires
supplying power but also needs aesthetics, natural lighting, and
environment protecting.“f7 So far, in order to relieve the
application requirements, various photovoltaic architectures
have been developed. Compared to the vacuum-deposited
small molecule semitransparent organic solar cells® or silicon-
based semitransparent solar cells,” semitransparent polymer
solar cells (STPSCs) are identified as the most fitting role for
BIPV applications'® " due to desirable features of flexibility,
lightweight, and easy fabrication process.'* ¢ In recent years,
many promising improvements have been studied in the two
contradictory characteristics, that is, power conversion
efficiency (PCE) and transparency.'”'® However, the current
PCE of STPSC:s is still lower than the normal PSCs due to the
transmittance requirement, which hinders further applications
toward integrating building,' ™!

Considering the aesthetics and natural lighting of device
design for building application, the natural quality of the light
which penetrates STPSC is important. In 2010, the color
characterization of STPSCs in an inverted structure has been
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studied first.** To satisfy the natural lighting purposes, it
requires that the color rendering index (CRI) must approach
100 and the chromaticity color coordinates must be close to the
Planckian locus at the same time.”> Recently, in order to
achieve a high PCE and transmittance with a natural light
transmission, some research focusing on the CRI of STPSC has
been reported, such as tandem structure with complementary
absorbers (CRI = 97.2),*** the incorporation with dyes (CRI
= 98),”® and a new low bandgap absorber with wide absorption
(CRI = 86).”” Although these devices have obvious enhance-
ments in CRI performance, the drawbacks are also inevitable.
For example, the STPSCs with low bandgap polymer
PBDTTT-C-T have a high CRI because the absorption
spectrum is broad and uniform alomost in the visible
spectrum.* However, the perfect character is unique, and the
synthesis process is relatively complex. Most of the other
polymers do not have such a wide absorption spectrum. With
doping of dyes in an active layer polymer as complementary
absorbtion materials, a color neutral transparency perception
was also achieved. However, the PCE fell by half owing to the
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light loss in the dye and damage of the PEDOT:PSS electrode
by mixing the dye. The tandem structure STPSCs with
complementary absorption range is another promising strategy
for high CRI. But the fabrication process is complicated. At the
same time, though the CRI of these reported works are
improved, the chromaticity difference (DC) is still higher than
the tolerance of CRI calculation. If the DC is larger than
0.0054, the calculated CRI will become less accurate based on
the CRI definition.”®° Consequently, how to achieve a high
CRI close to 100 combined with DC lower than 0.0054 is a key
problem for the STPSCs. It is necessary to design excellent
device architectures to achieve an excellent natural color
perception and a high PCE simultaneously.

In this work, we demonstrate a method to simultaneously
achieve a high CRI of 97, a lower DC of 0.0013, and a higher
PCE of 5.31%. The one-dimensional photonic crystals
(1IDPCs) Bragg reflector was introduced onto the transparent
Ag top electrode of PCDTBT:PC,,BM [poly[N-9"-heptade-
canyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2’,1’,3'-benzothia-
diazole):[6,6]-phenyl C71-butyric acid methyl ester] based
STPSC (Figure la), in order to balance the total device
transmittance spectrum and enhance the color rendering
properties. The 1DPC is composed of alternated layers of
MoO; and LiF. The extinction coefficients of the two materials
are both lower than 0.001 in the visible range which means they
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Figure 1. (a) Molecular structures of PCDTBT and PC,,BM. (b)
Device architecture of STPSC with S pairs IDPCs with incident light
and transmitted light.

9921

nearly do not absorb the light. Then, they can be evaporated
easily to form uniform films in the 1DPC fabrication process.
PCDTBT has a deeper highest occupied molecular orbital
(HOMO) energy level which was reported in 2007.*' 7>* The
absorption range of PCDTBT:PC;,BM is mainly located in
wavelength (1) < 600 mn, which is relatively narrow compared
to the whole visible region (380—780 nm). Therefore, the color
perception and CRI of PCDTBT-based STPSCs cannot meet
the requirements of the applications. Fortunately, the special
optical properties of 1DPC can remedy the absorption
limitation of PCDTBT. In previous study,** >® 1DPC always
was designed to reflect light within the absorption range of the
active layer while maintaining a fine transmittance in
complementary visible wavelength by utilizing its photonic
bandgap characteristic. In order to obtain the largest PCE, the
period of 1DPC is usually bigger than 6. In addition, the color
perception is not mentioned. Here, we use the 1DPC Bragg
reflector concept to design the lower period multilayer system.
When the period is not big enough, the photonic bandgap
cannot be formed completely, which can realize the weak
transmittance selectivity in the photonic bandgap range. To
take this factor into consideration, we designed the center of
the photonic bandgap of 1DPC as 730 nm. The comple-
mentary transmittance spectrum of 1DPC and the light
absorption range of PCDTBT led to a uniform flat trans-
mittance spectrum of STPSC by optimizing the period of
1DPC. In other words, the 1IDPC could level the concavo-
convex transmittance spectrum induced by the absorption of
PCDTBT. Since the light reflected by 1DPC is coming back
into the device, the inside optical electric field (IE(x)I*) will be
re-distributed and influence the PCE. At the same time, the
total transmittance also can be changed due to the incompletely
formed photonic bandgap of 1DPC. By tuning the pairs of
1DPC, the PCE of STPSCs increases from 4.87 + 0.14% to
5.31 + 0.13% with the corresponding transmittance ranging
from 28.4 + 1.1% to 25.1 + 1.1%. The increased PCE is caused
by the optical electric field re-distribution. Although the
transmittance decreased, it also meets the requirement of
applications (>25%).* It is worth noting that the CRI of
STPSC is increased from 84 to 97 with S pairs of IDPC under
AM 1.5G illumination light source. The DC is 0.0013, that
being much lower than 0.0054. It means that the STPSC with
IDPC exhibits extraordinary rendering capacities and color
perceptions. This method can achieve excellent STPSCs with
CRI approaching 100 and provide a new method for window
application.

2. EXPERIMENTAL SECTION

The preparation of devices is described as followed and shown in
Figure 1b. The control STPSC structure is glass/ ITO(150 nm)/
TiO,(25 nm)/PCDTBT:PC,,BM (80 nm)/WO,;(10 nm)/Ag(15
nm). The 1DPCs-based STPSCs structure is control STPSC/
[MoO,/LiF]P**. First, the ITO glass substrate was cleaned by
acetone, ethanol, and deionized water for 30 min, respectively.
Then, TiO, was prepared as the electron transport layer by sol—gel
methods with controlled thickness. PCDTBT (Lumtec Corp.) and
PC,,BM (Lumtec) were dissolved in 1,2-dichlorobenzene to produce
a7 mg/mL solution within a 1:4 weight ratio and stirred for 2 days in a
glovebox. The thin film of PCDTBT:PC,,BM (80 nm) was prepared
by spin coating at 2000 rpm for 30 s and annealing at 70 °C for 30 min
in a glovebox. Then, the 10 nm WO; and 15 nm Ag were deposited in
sequence under 5 X 107* Pa vacuum. In order to define the active area
of the STPSC, the Ag top electrode was deposited through a shadow
mask. The dimension of the STPSC was 0.064 cm? The deposition
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rate was monitored by a quartz-oscillating thickness monitor (ULVAC
CRTM-9000), which is about 0.3 nm/s. For the STPSC with 1DPCs,
the different pairs of MoO; (86.5 nm)/LiF (126.7 nm) were
alternately evaporated under vacuum (5 X 107* Pa) and the rate of
deposition was about 1 nm/s. The pairs of IDPC are 2, 3, 4, and S.

The absorption, transmittance, and reflectance spectra were
measured by an ultraviolet/visible spectrometer (UV1700, Shimadzu).
J—V characteristics were measured by a Keithley 2601 source meter
under Oriel 300 W solar simulator with the intensity of a 100 mW/
cm® AM 1.5G illumination light source. The light source intensity was
measured by a photometer (International Light, IL1400). The IPCE
was measured by a Crowntech QTest Station 1000AD.

3. EXPERIMENTAL AND SIMULATION RESULTS AND
DISSCUSSION

3.1. Device Color Perception. In order to explore the
potential of STPSCs with IDPC reflector for window
application, we have fabricated several STPSC devices based
on PCDTBT:PC,,BM as active layer materials. As shown in
Figure 1b, the device architecture is ITO/TiO,/
PCDTBT:PC,,BM/WO,(10 nm)/Ag(15 nm)/1DPC
([MoO,/LiF]P**). The 1DPC ([MoOQ,/LiF]P**) reflector is
composed of alternated deposit layers of MoOj; and LiF.

First, to design an appropriate Bragg reflector, the trans-
mittance and reflectance spectra of 2, 3, 4, and 5 pairs of
1DPCs and the absorption spectrum of PCDTBT:PC,,BM are
measured and shown in Figure 2a,b, respectively. As we know,
IDPCs are a multilayer reflector. The refractive index is
periodic in one-dimensional that can create a ghotonic bandgap
with a range of “forbidden” frequencies.””~* Here, we define
the two period thickness, and refractive index is d,, d,, n;, and
n,, respectively. There is a relationship between n,, n,, d;, and
d, for a quarter-wave stack, in which the optical path of each
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Figure 2. (a) Transmittance spectra of 1IDPCs. (b) Reflectance spectra
of 1DPCs corresponding to the left axis and the absorption spectrum
of PCDTBT:PC,,BM with gray line corresponding to the right axis.
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layer is one-quarter of the center wavelength (4y). The
relationship formulation is listed as follows:
A
mdy = nyd, = :0 1)

According to formulation (1), we fabricate the 1DPC using
high refractive index materials, MoOj3, and low refractive index
materials, LiF, as the periodic unit components. As shown in
Figure 2a, the transmittance of 1DPC over 600 nm is decreased
with the increasing pairs. PCDTBT:PC,BM film mainly
absorbs green-yellow light below 600 nm. Therefore, the
STPSCs with PCDTBT:PC,,BM always appear crimson color.
In order to tune the color of STPSCs toward a natural color
(no special color) to maintain the application requirement, we
design the 1DPCs with complementary reflectance spectrum.
Here, we set 730 nm as Ay The refractive indices of MoO; and
LiF are 2.11 (n;) and 144 (n,), respectively. According to
formulation (1), the thicknesses of MoO; and LiF can be
calculated, which are 86.5 and 126.7 nm, respectively. It is
obvious that the reflectance intensity in more than 600 nm is
increased gradually with increasing pairs of 1DPC.

Figure 3 shows the total device transmittance spectra of
respective STPSCs with different pairs of 1IDPC. The spectrum
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Figure 3. Total transmittance spectra of different devices with 0, 2, 3,
4, and S pairs of IDPC. Inset: Photograph of computer display
background without STPSC and with STPSC (0 pair and S pairs).

of STPSC without 1DPC is also taken for comparison. With
different pairs of 1DPC, the shapes of the spectra curves
changed remarkably, showing the flexibility of transparency
management through 1DPC reflector. For the control STPSC
without 1DPC, the shape of the transmittance spectrum is
concavo-convex due to the PCDTBT:PC,,BM absorption. In
order to balance the transmittance spectrum, the 1IDPCs with
opposite transmittance property are designed. The average
visible transmittance (AVT) in the visible region (380—780
nm) is presented in Table 1. As the pairs of IDPC vary from 0
to S, the AVT can decrease from 28.4% to 25.1% caused by the
reflectance of 1DPC, but it is still satisfied with the application
requirement. In the wavelength range below 600 nm, there are
several small vibrations, which correspond to the 1DPC
transmittance spectra. The higher pairs of 1DPC are
accompanied by the lower transmittance in the red region of
the visible spectrum. In perceptual intuition, the tall tail of the
transmittance curve is brought down with higher pairs of
1IDPC. The amplitudes of the transmittance spectra are
gradually decreased. Especially, the transmittance spectrum
for a device with 4 or S pairs of 1DPC is almost oscillated
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Table 1. Detail Performance Parameter under 100 mW/cm? Simulated AM1.5G in Ambient Air and the AVT of 0, 2, 3, 4, and §
Pairs of 1DPC Devices

devices Jo (mA/cm?) Vo (V) FF (%) PCE (%) AVT (%)
0 pair 8.86 + 0.11 0.87 + 0.01 63.2 + 0.03 4.87 +£ 0.14 284 + 1.1
2 pairs 9.36 + 0.10 0.87 + 0.01 63.4 + 0.02 5.16 + 0.13 30.1 £ 1.3
3 pairs 9.52 + 0.07 0.87 + 0.01 63.3 + 0.03 524 + 0.13 294 £ 09
4 pairs 9.59 + 0.09 0.87 + 0.01 63.2 + 0.03 527 + 0.14 278 £ 1.0
S pairs 9.67 + 0.08 0.87 + 0.01 63.1 + 0.04 $.31 +£ 0.13 251 £ 1.1
(a)os o~ x amise (D) (©
o8 " 0 pair
@ 2 pairs 0.35 0.320
07 A 3 pairs . Z : 6\’\:;‘?6 / Planckian locus
al i
: :lmf“ ’ @ 2 pairs 0.318 | *,

0.6 > pairs 034 *7/ A 3 pairs ! " -

w [ Pranckian locus ; 4 : gi::z 0.316 Il

y / opes | 1

0.4 > / > 1

0.314
03 0o V.// = II o
< 0.312} MO
0.2 / * !
/ 1
0.1 0.32 L L ) L 0.310 AL . L
0.30 0.32 0.34 0.36 0.19 0.20 0.21 0.22 0.23

0.
00 0.1 03 04, 05 06

X

X

u

Figure 4. (a) Representation of the color coordinates of the STPSC devices with different pairs of IDPC under AM 1.5G illumination light source
on the CIE 1931 color space. Detailed section (b) of CIE 1931 color space and (c) of CIE 1960 uniform color space under AM 1.5G illumination

light source.

infirmly over the entire visible spectrum. Such flat spectra mean
the transmittance light remains the color perception of the
original light source. The photographs of devices without
1DPC and with S pairs of 1DPC are inserted in Figure 3. To
distinguish the color change of the incident light, the incident
light is chosen from the computer display. It can be seen that
the background color was only slightly dark through the
STPSC. But for the device without 1DPC, the background
color shifted to crimson. It is easy to understand that the
incident light is almost white and the transmitted light is turned
into gray by the STPSC. It is owing to the high CRI of the
device with S pairs of 1DPC.

To analyze the device transparency color perception
quantitatively, the color coordinates (x, y) on the CIE 1931
color space and (1, v) on the CIE 1960 uniform color space,*
correlated color temperature (CCT), and DC from the
transmittance spectra are calculated and illustrated as follows.**
The color coordinates can imply how the light changed when it
transmitted though STPSC. CCT is the color temperature of
the nearest point on the Planckian locus. In the calculation of
CR], the corresponding reference illuminant is determined by
CCT. When the corresponding reference illuminant is sure, the
availability of CRI is confirmed by the DC.

The color coordinates (x, y) on the CIE 1931 color space
and (u, v) on the CIE 1960 uniform color space are shown in
Figure 4. Because the color perception and the CRI are strongly
dependent on the incident light, three light sources have been
chosen, including the AM 1.5G illumination light source,
standard illuminant D6S, and standard illuminant A. The
transmitted light is represented by the product of the
transmittance spectra of each STPSC with different pairs of
1DPC. The relative spectral power distribution of CIE standard
illuminant A is the Planckian radiator at a temperature of about
2856 K. CIE standard illuminant D65 has a CCT of
approximately 6500 K which is intended to represent average

daylight.
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Figure 4a displays the CIE 1931 color space and represents
the color coordinates position of each device illuminated by the
AM 1.5G illumination light source and also the color
coordinates position of the AM 1.5G illumination light source.
The color coordinates position of each device illuminated on
the CIE 1931 color space by the standard illuminant D65 and
standard illuminant A are shown in Supporting Information
Figures Sla and S2a. The summarized color coordinates are
shown in Supporting Information Table S1. The color
coordinates of the AM 1.5G illumination light source are
located in the white point (around (0.33, 0.33)). The color
coordinates can imply how the light changed when it
transmitted though STPSC. In other words, if the color
coordinates varied obviously, it means that the incident light
will be changed a lot after running through the STPSC. When
the light of AM 1.5G illumination and standard illuminants D65
and A transmitted from the STPSC device without 1DPC (0
pair), the color of the transmitted light is changed and located
in the low colorfulness area on the CIE 1931 color space
[(0.3573, 0.3316), (0.3373, 0.3197), and (0.4817, 0.3895)].
The specific manipulated color coordinates are illustrated in
Figure 4b, and Supporting Information Figures S1 and S2.
Obviously, the incorporation of IDPC with increasing pairs can
shift the color coordinate to the Planckian with all three light
sources.

Because of the nonuniform color of the CIE 1931 color
space, the same distance on the CIE 1931 color space does not
mean the same color change. So, in order to show the color
change, the color coordinates (u, v) and the Planckian locus on
the CIE 1960 uniform color space are also given in Figure 4c
for the AM 1.5G illumination light source. The Planckian locus
is known as the trace of the blackbody emission spectrum in a
particular color space.*> In Figure 4c, the color coordinates of
devices with 0, 2, 3, 4, and 5 pairs of 1DPC are deviated from
the Planckian locus, and the deviated distances are different
from each other. For the device without 1DPC, the color
coordinate is far away from the Planckian locus. But for the
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device with 3, 4, and S pairs of IDPC, the color coordinates are
located close to the Planckian locus. For these color
coordinates that are not exact on the Planckian locus, the
CCT is defined and shown in Figure Sa. CCT is the color
temperature of the nearest point on the Planckian locus, the
color of which most closely resembles that of a given stimulus
under specified viewing conditions and at the same bright-
ness.* In the calculation of CRI, the corresponding reference
illuminant is determined by CCT. Accordingly, we calculate
CCT = 5575, 6500, and 2856 K for the AM 1.5G illumination
light source and standard illuminants D65 and A (Supporting
Information Table S1). When the light source is illuminated
from the STPSC with different IDPC, the CCT is changed. For
a device without 1DPC, the CCT corresponds to 4411 K with
the AM 1.5G illumination light source. For the device with 3
pairs of 1DPC, the CCT is about 5464 K, which is near to the
AM 1.5G illumination light source. Compared to the three light
sources, AM 1.5G illumination and standard illuminants D65
and A, the CCT variation of the device without 1DPC is larger
than device with 1DPCs. It is clear that the color feature of light
transmitted from the device without IDPC is changed.
However, by introducing 1DPC into the STPSC, the light
property can be maintained. As we know, the CCT cannot
exactly depict the color perception of STPSC. Therefore, the
CRI is investigated forward.

Figure S shows the correlated parameters in CRI calculation.
The CRI is an effective measurement of the ability for a light
source. It can reveal the colors of various objects compared to
an ideal or natural light source*”*® which is defined by the
Commission Internationale de L'Eclairage (CIE, in French).
Here, the CRI accounts for the transmitted light color
perception of STPSCs. STPSCs with a high CRI are desirable

9924

in window integration applications. To determinate the CRI of
the transmitted light from the AM 1.5G illumination light
source, standard illuminant D65 and standard illuminant A, the
CIE 13.3-1995 standard procedure is followed.” Note that the
CRI is considered to be meaningful only if the color
coordinates lie within a chromaticity difference (DC) <
0.0054 from the Planckian locus on the CIE 1960 uniform
color space as recommended by CIE. The DC of our devices
illuminated by AM 1.5G illumination light source are shown in
Figure Sa. When the corresponding reference illuminant is
fixed, the availability of CRI is confirmed by the DC. The DC
of the device without 1DPC is higher than 0.0054, but it is
much lower when the pairs of 1DPC are more than 3. The
variation of DC is obviously decreased from 0.0153 to 0.0013
with 5 pairs of 1DPC. With standard illuminants D65 and A,
the DCs of devices are also decreased, which are shown in
Supporting Information Figures S3 and S4.

The test sample method (TSM) is used to analyze the CRI
perception. In the CIE (1995) definition, the original 14 test
color samples (TCS) are taken from an early edition of the
Munsell Atlas. The first eight TCSs are proposed in Nickerson
(1960). They represent the relatively low saturated colors.*’
These eight TCSs are employed to calculate the general CRI
The last six TCSs provide supplementary information about the
color rendering properties of the light source. Here, we just
calculated the CRI by an average of the CRI, of first eight TCSs
(1-8). The CRI; of 8 TCSs of different devices illuminated
from the AM 1.5G illumination light source are shown in
Figure Sb. The general CRI, which is the average of CRIj is
depicted in Figure Sc. The CRI; calculation method is
illustrated as follows. First, the color coordinate on CIE 1931
and CIE 1960 color spaces, CCT, and DC (see earlier text) are
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calculated. Second, the color coordinates of the transmitted
light with three light sources of the device without 1DPC and
the device with 5 pairs of IDPC reflected by each TCS are
found. Then, according to the device CCT, different reference
white light sources to illuminate the TCS presumptively are
chosen. According to the CIE definition, in the case of CCT >
5000 K, the reference white light source is standard illuminant
D; otherwise the a blackbody radiator is used for reference.
Both reference white light sources should have the same CCT.
Finally, by comparing the device TCS location and the
reference TCS location, the CRI; can be achieved.

In Figure Sb,c, the CRI has an enhancement by using 1DPC.
According to the DC definition, the CRI of 3, 4, and S pairs of
1DPC devices are accurate. The CRIs of all of these devices are
close to 100. Specially, the device with $ pairs of 1DPC exhibits
excellent CRI of 97 with lower DC of about 0.0013 under the
AM 1.5G illumination light source. As far as we know, this
accurate value is the highest CRI following with the lowest DC
ever reported for the STPSC. The CRI; of 8 TCSs of the
different devices illuminated from standard illuminants D65
and A are shown in Supporting Information Figures S3 and S4.
Considering the lower DC, the device with 3 pairs of IDPC has
the best DC (about 0.0005) under standard illuminant D6S.

To understand the CRI calculation progress, the TCSs color
coordinates on the CIE 1931 color space are illustrated in
Figure 6a and Supporting Information Table S2. By observing
the distance between the TCSs color coordinates of the device
and its reference illuminant, we can easily obtain how the
STPSC devices control the incident light. For example, if TCS4
is changed obviously, the corresponding color of incident light
will be also changed distinctly. For the AM 1.5G illumination
light source, the reference white light source with S pairs of
1DPC device is standard illuminant D65 according to the CIE
definition. Because the reference white light source of the
device without 1DPC is not the standard illuminant D65 with
CCT lower than 5000 K, Figure 6 only gives the color
coordinates of TCSs illuminated by reference standard
illuminant D65 for comparison. We can visually determine
the CRI by comparing the distance of the same TCS. To
identify the distance clearly, the color coordinates (x, y) on the
CIE 1931 color space and (u, v) on the CIE 1960 uniform color
space are magnified, which are shown in Figure 6b,c. Along
with the anticlockwise start point of the TCS circle, the one by
one point represents TCS1-TCS8. The TCSs color
coordinates on both the CIE 1931 color space and the CIE
1960 uniform color space of the device without 1DPC are far
away from the TCSs illuminated by the reference source in
both of the two color spaces, which indicates the poor CRI of
about 84. As implied by the excellent CRI of 97, the color
coordinates of TCSs illuminated by the transmitted light from
the device with 5 pairs of IDPC are close to the TCSs
illuminated by the reference illuminant D6S both on the CIE
1931 color space and the CIE 1960 uniform color space, clearly
demonstrating the superior color perception of this novel
structure of STPSC. The TCSs color coordinates on the CIE
1931 color space and the CIE 1960 uniform color space with
standard illuminants D65 and A are also illustrated and
compared in Supporting Information Figures SS and S6. Both
of the TCS color coordinates of the devices with three light
sources are listed in Supporting Information Table S2.

3.2. Device Electrical Properties. Figure 7 shows the J—-V
and IPCE characteristics of the STPSC PCDTBT:PC,,BM
devices with different pairs of 1DPC. The J—V characteristics
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Figure 7. (a) J—V characteristics of devices, under 100 mW/cm?
simulated AM 1.5G illumination light source in ambient air. (b) IPCE
characteristics of devices.

and relevant parameters of devices based on different pairs of
1DPC are shown in Figure 7a and Table 1. The device without
IDPC exhibits a PCE of 4.87 + 0.14% with a circuit current
density (J,.) of 8.86 + 0.11 mA/cm? an open-circuit voltage
(V,.) of 0.87 & 0.01 V, and a fill factor (FF) of 63.2 + 0.03%.
The device with S pairs of 1DPC exhibits a higher PCE of 5.31
+ 0.13% with a ], of 9.67 & 0.08 mA/cm? a V,_ of 0.87 + 0.01
V, and a FF of 63.1 + 0.04%. It is clearly observed that the V.
and FF of the devices are almost the same, which can be
attributed to FF and V,. being independent of the 1DPC.
Meanwhile, the J. is improved gradually with the increase of
(MoO,/LiF) pairs. We have demonstrated that the light lower
than 600 nm is partly transmitted, but some light will be
reflected back into the device for the second absorption. The
decrease of total transmittance brings enhanced light
absorption, which results in the increasing PCE.

The IPCE spectra tests for devices are shown in Figure 7b.
Compared to the total transmittance of the devices, the IPCE
shapes of different devices are in line with the 1DPC
transmittance spectra. When the transmittance is higher, the
IPCE is lower corresponding to the same wavelength. The
IPCE spectrum of the device with S pairs of 1DPC has a little
enhancment compared to the device without 1DPC. The
improvement of IPCE is attributed to light reabsorption
reflected by the 1DPCs. Hence, the improvement of device
electrical performance is owing to the reflectance of 1DPC. It is
clearly the STPSC device with 1DPC that achieves not only an
excellent CRI and lower DC but also an increasing PCE.

3.3. Theoretical Optical Simulations. Here, the transfer
matrix method (TMM)*°™>? is used to investigate the
improvement resulting from the 1DPCs. The optical electric
field distribution (IE(x)I*), absorption spectra, and Ji. . Were
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calculated. In the simulation. All layers are assumed to be planar
and isotropic, and the thickness of each layer is chosen by the
experimental data.

To further prove the J,. enhancement in STPSC with S pairs
of 1DPC, the (IE(x)I*) in devices without 1DPC and with $
pairs 1DPC are calculated and shown in Figure 8. Obviously,
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Figure 8. (a) Distribution of normalized modulus square of the optical
electric field of device without IDPC. (b) Distribution of normalized
modulus square of the optical electric field of device with S pairs of
IDPC. |Ey* is the modulus square of the optical electric field for the
incident light.

the (IE(x)I*) in the active layer of the device with S pairs of
IDPC is higher than that without. This higher (IE(x)P) is
caused by the light reflected by 1DPCs that results in the higher
J.. and IPCE. The other |E(x)I* in the device with 2, 3, and 4
pairs of 1DPC are calculated and shown in Supporting

Information Figure S7. They are also changed by reflection of
the 1DPCs.

The changes of (IE(x)I*) in devices influence the optical
absorption of the PCDTBT:PC,,BM layer. So, in order to
clarify the absorption enhancement, the absorption spectra of
devices without 1DPC and with 2, 3, 4, and S pairs of IDPCs
are calculated and shown in Figure 9a in three-dimensional
coordinate for feasible distinction. There is a dramatic
difference of absorption spectra shapes for the devices. First,
the shape of the absorption spectra is in line with the IPCE.
Then, for the device with S pairs of 1DPC, the absorption is
higher than that for the device without 1DPC in most visible
wavelengths. The improvement originates from light reabsorp-
tion in the active layer caused by 1DPCs reflection.

Finally, the enhanced J is also confirmed in simulation with
the assumption that all absorbed photons are converted into
charges and the devices are illuminated by the AM 1.5G
illumination light source at 100 mW/cm? We named the upper
limit to photocurrent generation as Jeema ¥ The Jopa i
calculated as a function of the pairs of 1IDPC in Figure 9b.
When the pair increased from 2 to S, Ji . is gradually
enhanced. With higher pairs, the J_ ., is saturation. For devices
without 1DPC and with § pairs of 1DPC, the ] .., are about
8.97 and 9.71 mA/cm’. It indicates that the device with S pairs
of 1IDPC can achieve higher J ... As is shown, the most
excellent device is based on S pairs of 1DPC in optical and
electrical properties. The theoretical optical simulations of
devices indicates the 1DPCs play an important role in the
device electrical properties and color perception.

4. CONCLUSION

In conclusion, we have successfully introduced the 1DPC
structure onto the STPSC with significantly improved CRI,
decreased DC, and enhanced PCE. We investigated the device
performance from aspects of device color perception, device
electrical properties, and theoretical optical simulations. The
STPSC devices under the AM 1.5G illumination light source
and standard illuminants D65 and A exhibit achromatic color
perceptions, especially for the devices with IDPC (pairs > 3).
The color coordinates of transmitted light are close to the
Planckian locus. In TSM, the color coordinates of TCSs

JSC max(mAlcmz)

(b)gsF
./._./.\.
9.6} //
9.4}
9.2}
9.0+ _/
0 2 4 6 8
Pairs

Figure 9. (a) Simulated absorption spectra of device without 1DPC and with S pairs of 1DPC. (b) J,. na 2s @ function of the pair of IDPCs and the

improvement in J ., as a function of the pair of 1DPCs.
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illuminated by the transmitted light of the device with 5 pairs of
1DPC is close to the TCSs illuminated by the reference source,
clearly demonstrating the superior color perception of this
novel structure of STPSC. The excellent CRI of 97 with lower
DC of about 0.0013 under the AM 1.5G illumination light
source and the lowest DC of about 0.0005 with CRI of 95 are
achieved successfully, following with the increasing PCE of 5.31
+ 0.13%. This method reported here exhibits excellent color
perception properties and enhanced electrical properties, which
provides a facilitative approach toward realizing the SPTSC
window application.

B ASSOCIATED CONTENT
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Additional discussion of the analysis, color coordinates, DC,
CRI, CRI;, and TCSs, of the STPSC devices with different pairs
of IDPC under illuminants D65 and A, distribution of the
normalized modulus square of the optical electric field of the
device, and summarized data of different device pairs of 1IDPC
under AM 1.5G illumination light source, standard illuminant
D65, and standard illuminant A. This material is available free
of charge via the Internet at http://pubs.acs.org.
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