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Average visible transmittance (AVT) and power conversion efficiency (PCE) are the two key parameters
to evaluate the performance of semitransparent organic solar cells (ST-OSCs). Reducing the donor
content can decrease the light absorption in the visible region and increase the AVT values of ST-OSCs.
However, minor donor phase is not sufficient for exciton generation, exciton dissociation and charge
transport, and limits the PCEs of OSCs. In this work, ST-OSCs based on a sequentially processed

Received 24th October 2022, heterojunction (SHJ) structure were fabricated. Through sequentially spin-coating donor PM6 as the

Accepted 14th December 2022 bottom layer and acceptor Y6 as the top layer, a better vertical phase distribution is formed in the SHJ
structure compared with that in the traditional bulk heterojunction (BHJ) structure. At a PM6:Y6 ratio of
1:2, the ST-OSCs based on the SHJ structure show a PCE of 12.6% at an AVT of 25.4%, while the BHJ

ST-OSCs show a PCE of 11.8% at an AVT of 22.9%.

DOI: 10.1039/d2tc04507a

rsc.li/materials-c

10th Anniversary Statement

Since the Journal of Materials Chemistry C was founded in 2013, I have been an associate editor of this journal for nearly 10 years. I am very happy that I have had
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it is well recognized as one of the renowned journals in chemistry and materials science, especially as one of the most important journals in the field of
electronics and photonics. I have co-authored 16 papers in this journal, and would like to further contribute and support this journal. Congratulations and
happy birthday to the 10th anniversary of the journal of Materials Chemistry C.
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Introduction

Organic solar cells (OSCs) have attracted much interest in
academia and industry owing to their merits, e.g. light weight,
excellent flexibility, facile printing fabrication, and short energy
payback time." Thanks to the creation of fused-ring electron
acceptors™ represented by the star molecules ITIC* and Y6,

“School of Materials Science and Engineering, Peking University, Beijing 100871,
China. E-mail: xwzhan@pku.edu.cn

b Key Laboratory of Eco-functional Polymer Materials of Ministry of Education,
College of Chemistry and Chemical Engineering, Northwest Normal University,
Lanzhou 730070, China

¢ State Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong
University, Xi’an 710049, China

4 Frontier Institute of Science and Technology, Xi’an Jiaotong University, Xi’an
710049, China

¢ Jiangzhong Cancer Research Center, Jiangxi University of Chinese Medicine,
Nanchang 330004, China

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d2tc04507a

This journal is © The Royal Society of Chemistry 2023

the champion power conversion efficiencies (PCEs) of OSCs
have surpassed 19% for single-junction devices and 20%
for tandem-junction devices.®® Considering that about half
of the solar emission is located at the infrared region, semi-
transparent OSCs (ST-OSCs), in which visible light can pass
through and infrared light is used for photon-electron conver-
sion, have become a good candidate in transparent facilities,
e.g. building-integrated photovoltaics and power-generating
windows.” "

The average visible transmittance (AVT) and PCE values are
the key parameters to evaluate the ST-OSC performance. In
order to achieve simultaneous enhancement of the AVT and
PCE, considerable research has focused on optimizing the
interfacial layers and photoactive layers,">'® adopting trans-
parent electrodes (e.g. ultrathin metals, conducting polymers,
Ag nanowires and graphene)'®® and designing novel optical
structures.”®>° For optimizing the photoactive layers, reducing
the donor content can decrease the light absorption in the
visible region and increase the AVT values of ST-OSCs.**
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However, decreasing the donor content in D:A blends reduces
the D/A interfacial areas, which is unfavorable for exciton
dissociation and charge transport, and limits the PCE of OSCs.
Therefore, developing an efficient strategy to improve charge
transport in diluted donor-based ST-OSCs is necessary.

A sequentially processed heterojunction (SHJ) structure,
which is fabricated through a two-step sequential solution
process, exhibits similar or even better performance compared
with bulk heterojunction (BH]J) structures for 0SCs.**” On the
one hand, the sequential solution process of donor and accep-
tor materials ensures sufficient D/A interfaces for exciton
dissociation. On the other hand, slightly increased donor or
acceptor contents at the interface of the photoactive layer/
charge-transporting layer are beneficial for charge transport
and charge collection owing to reduced charge recombination.
Thus, fabricating ST-OSCs with SHJ structures helps to enhance
charge transport, especially for ST-OSCs with low donor
contents.

In this work, we fabricated ST-OSCs with a SHJ structure and
diluted donor content to simultaneously improve the PCE and
AVT. The wide-bandgap polymer PM6 was chosen as the
donor®® and the narrow-bandgap small molecule Y6 was cho-
sen as the acceptor (Fig. 1a).” Firstly, we decreased the donor
content in the D:A blend (BH]J structure) in order to reduce light
absorption in visible region and increase the device AVT. Then,
we fabricated SHJ devices using low donor contents to enhance
charge transport and collection. As a result, SHJ ST-OSCs based
on a D:A ratio of 1:2 exhibited a PCE of 12.5% and an AVT of
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25.4%. In contrast, BHJ ST-OSCs based on a D:A ratio of 1:2
showed a PCE of 11.8% and an AVT of 22.9%; BH]J ST-OSCs
based on a D: A ratio of 1: 1 showed a PCE of 11.6% and an AVT
of 21.5%.

Results and discussion
Photovoltaic properties

The PM6 film has a strong absorption at ca. 450-650 nm, while
the Y6 film shows a broad absorption ranging from 600 nm to
900 nm, which is complementary with that of PM6 (Fig. 1b).
Compared with the 1:1 BH]J blend film, the maximum absorp-
tion peak of the 1:2 BH]J blend film red-shifts from 624 nm to
809 nm (Fig. 1c). Decreasing donor content and increasing
acceptor content are beneficial for reducing light absorption in
the visible region and harvesting more photons in the near-
infrared region. The 1:2 SH]J blend film exhibits a similar light
absorption compared with the 1:2 BHJ blend film, with only
slight reduction at 300-600 nm.

For the BH]J device, the donor:acceptor mixture was dis-
solved in advance and spin-coated in one step. For the SHJ
device, the donor was deposited first, followed by spin coating
of the acceptor solution, as shown in Fig. S1a (ESI}). To explore
the photovoltaic performance of different PM6:Y6 blends, we
firstly fabricated opaque devices with the structure of indium
tin oxide (ITO) glass/PEDOT:PSS/active layer/PNDIT-F3N/Ag
(Fig. S1b, ESIT). The thickness of the active layer was ca.
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Fig. 1 (a) Chemical structures of PM6 and Y6. (b) Normalized absorption spectra of PM6 and Y6 films. (c) Normalized absorption spectra of 1: 1 BHJ, 1: 2

BHJ and 1:2 SHJ films.
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Table 1 Performance of the 1:1 BHJ, 1:2 BHJ and 1:2 SHJ devices®
Type Device structure Vg (V) Jsc (mA cm™?) FF (%) PCE (%) Cale. Jsc (MA cm™?)  AVT (%)
Opaque 1:1 BH]J 0.868 (0.858 + 0.007)  25.6 (25.4 & 0.4) 67.2 (66.9 &+ 1.2) 14.9 (14.5 + 0.4) 24.7 —
1:2 BH]J 0.844 (0.842 + 0.002)  26.2 (25.9 & 0.6) 67.9 (66.7 & 1.6)  15.0 (14.5 &+ 0.3)  25.0 —
1:2 SHJ 0.842 (0.840 + 0.002)  26.9 (26.4 & 0.4) 71.1 (69.8 & 0.9) 16.1 (15.5 & 0.4) 25.6 —
ST 1:1 BHJ 0.851 (0.852 + 0.003)  20.6 (20.1 & 0.5)  66.2 (65.4 + 0.9) 11.6 (11.2 £ 0.3)  20.1 21.5
1:2 BHJ 0.831 (0.831 + 0.003)  21.1 (20.9 & 0.2) 67.5 (67.0 & 0.5) 11.8 (11.6 & 0.1)  20.6 22.9
1:2 SHJ 0.831 (0.831 + 0.006) 21.4 (20.8 = 0.6) 70.6 (69.0 + 1.1)  12.5 (11.9 + 0.4)  20.5 25.4

¢ Average values (in parentheses) are obtained from 15 devices.

100 nm and the D: A weight ratios varied from 1:1 to 1:2. The
1:1 BH]J device exhibited a PCE of 14.9% with an open-circuit
voltage (Vo) of 0.868 V, a short-circuit current density (Jsc) of
25.6 mA cm 2, and a fill factor (FF) of 67.2%. The 1:2 BH]J
device exhibited a relatively lower V¢ of 0.844 V, a higher jg¢ of
26.2 mA cm 2, a similar FF of 67.9% and a comparable PCE of
15.0%. Compared with the 1:2 BH]J device, the 1:2 SHJ device
delivered a high PCE of 16.1% with a similar V¢ of 0.842 V, a
Jsc of 26.9 mA cm ™ and a significantly improved FF of 71.1%
(Table 1). The current density-voltage (J-V) curves of the above
devices under AM 1.5G illumination (100 mW cm™?) and
corresponding external quantum efficiency (EQE) spectra are
shown in Fig. 2a and b. The integrated Jsc values of the above
three devices are 24.7, 25.0 and 25.6 mA cm ™ (Table 1), which
are consistent with the -V results (mismatch less than 5%).
Then, we fabricated semitransparent devices with the struc-
ture of ITO glass/PEDOT:PSS/active layer/PNDIT-F3N/Au/Ag
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(Fig. Sic, ESIt). During ultrathin Ag electrode evaporation, Ag
atoms tend to form discontinuous silver islands, which
decreases the conductivity and transmittance of the Ag elec-
trode. The ultrathin Au layer (ca. 1 nm) was vacuum-deposited
onto the cathode interfacial layer, which can improve the
uniformity and continuity of the ultrathin Ag electrode.
Through adjusting the thickness of the Ag electrode, a series
of ST-OSCs based on 1:1 BHJ, 1:2 BHJ and 1:2 SHJ have been
fabricated (Table S1, ESIt). The ST-OSCs based on the 1:1 BHJ
exhibit PCEs varying from 11.6% to 12.9%, with AVT values
changing from 21.5% to 11.7%. The ST-OSCs based on the 1:2
BH] exhibit PCEs varying from 11.8% to 12.6%, with AVT values
changing from 22.9% to 12.2%. The ST-OSCs based on the 1:2
SH] exhibit PCEs varying from 12.5% to 14.0%, with AVT values
changing from 25.4% to 12.6%. The optimized ST-OSCs (Au
layer: 1 nm; Ag layer: 10 nm) based on the 1:1 BHJ and 1:2 BH]J
exhibited similar FFs of 66.2% and 67.5%, and comparable
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Fig. 2 (a) J-V curves and (b) EQE spectraof 1: 1 BHJ, 1: 2 BHJ and 1: 2 SHJ opaque devices. (c) J-V curves and (d) EQE spectra of 1: 1 BHJ, 1: 2 BHJ and

1:2 SHJ semitransparent devices.
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PCEs of 11.6% and 11.8%, respectively. Compared with the
BH] devices, the 1:2 SHJ device delivered a higher PCE of
12.5% with a significantly improved FF of 70.6% (Table 1 and
Fig. 2¢, d).

Optical characterization

Firstly, we investigated the optical properties of the 1:1 BH],
1:2 BHJ and 1:2 SHJ blend films, in which light-absorbing
selectivity is one of the most important values. The light-
absorbing selectivity is related to the light absorption and
transmission ability in the visible region. The visible region is
defined from 370 to 740 nm. By integrating the solar spectrum,
the invisible photon energy power is calculated to be
48.02 mW cm > and the visible photon energy power is
calculated to be 51.98 mW cm 2. The light-absorbing selectivity
is defined as the product of absorbed energy ratio in the
invisible region and transmitted energy ratio in the visible
region as follows:

1240
AR)B(A)A2+ [158 A)D()dL [T (2)D(2)ds .
48.02 “sies W

370
§ — 4280

where S is the light-absorbing selectivity of the active layers,
A(2) is the absorbance of the blend films, 7(/) is the transmit-
tance of the blend films and @(4) is the solar spectrum.?” The
absorption and transmission spectra of the 1:1 BHJ, 1:2 BH]J
and 1:2 SH]J films are shown in Fig. 1c and 3a, respectively. The
light-absorbing selectivity of the 1:2 SHJ film is 0.1414, higher
than that of the 1:1 BHJ film (0.1302) and the 1:2 BH] film
(0.1386), which indicates that the 1:2 SHJ film is more suitable
for fabricating ST-OSCs.

Then, we investigated the optical properties of the ST-OSCs.
Fig. 3b displays the transmittance spectra of devices based on
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1:1 BHJ, 1:2 BHJ and 1:2 SHJ structures. In order to describe
the visibility of ST-OSCs, we calculated the average photopic
transmission (APT) by the integration of the transmission
spectrum and AM 1.5G photo flux weighted against the photo
response of the human eye as follows

TGV
AT = e d: @

where T(4) is the transmittance of the ST-OSCs, ®(%) is the solar
spectrum, V(1) is the photopic response and /. ranges from
300 nm to 900 nm.*® The APT values of the optimized 1:1 BH]J,
1:2 BHJ and 1:2 SHJ ST-OSCs were 17.6%, 20.2% and 22.9%,
respectively. Apart from PCE, AVT and APT, light utilization
efficiency (LUE) is another figure of merit to evaluate ST-OSCs
(LUE = PCE x APT). The LUEs were calculated to be 2.04%,
2.38% and 2.86% for the 1:1 BHJ, 1:2 BHJ and 1:2 SHJ ST-
OSCs, respectively. Among the three different kinds of ST-OSCs,
the 1:2 SHJ device exhibited the best optical performance.

The Commission Internationale de L’Eclairage (CIE) 1931
chromaticity diagram describes the transparency color percep-
tions of the ST-OSCs (Fig. 3c). The colour coordinates of the 1:1
BHJ, 1:2 BH] and 1:2 SHJ devices were (0.2448, 0.2594),
(0.2471, 0.2669) and (0.2534, 0.2733). The corresponding corre-
lated color temperatures (CCT) were 19 439, 17 133 and 14 905 K
(Table S2, ESIt), respectively. These values indicate that trans-
mitted light of the 1:2 SH]J devices has a more neutral color
sensation. Thus, the devices with SHJ structure show excellent
visible light transparency.

Device physics and film morphology

In order to understand the reason for the FF enhancement in
SHJ-based ST-OSCs, we investigated the device physics and
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Fig. 3 Transmittance spectra of (a) blend films and (b) the corresponding ST-OSCs based on 1:1BHJ, 1: 2 BHJ and 1: 2 SHJ. (c) Colour coordinates of

the ST-OSCs on a CIE chromaticity diagram.
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active layer morphology. The exciton dissociation behavior in
the devices was studied through the photocurrent density (J,n)
vs. effective voltage (V.g) relationship (Fig. S2a, ESIT). The
charge-transfer state dissociation probability is proportional
to the ratio of Jsc and saturated J,p, (Jsat)- The Jsc/Jsac values for
the optimized 1:1 BHJ, 1:2 BHJ and 1:2 SHJ devices are
96.7%, 97.2% and 97.2%, respectively, suggesting effective
exciton dissociation existing in the above three devices. We
further investigated the charge recombination of the 1:1 BHJ,
1:2 BH]J and 1:2 SH]J devices through Jsc vs. light intensity
(Piighe) relationships. According to Jsc o¢ Piign.”,*® the o values
are all 0.94 for the 1:1 BHJ, 1:2 BHJ and 1:2 SHJ devices,
indicating weak bimolecular recombination in the above three
devices (Fig. S2b, ESIf).

We employed the space charge limited current (SCLC)
method to measure the charge mobilities of the 1:1 BHJ, 1:2
BH]J and 1:2 SH]J blend films (Fig. S2c, d and Table S3, ESI¥).*"
The uy, values of the 1:1 BHJ, 1:2 BHJ and 1:2 SHJ blend films
are 6.4 x 10°* em?> V' 57, 5.6 x 107* ecm? V! 57!, and
6.3 x 10°* em® V! s, respectively. The electron mobilities
(1e) of the above three blends are 5.4 x 107> em®> V' 57,
44 x 10 em®> V' s and 7.9 x 107! em® V' 577, respec-
tively. Compared with BHJ blend films, the optimized 1:2 SH]
film exhibits higher and more balanced charge mobilities,
which can reduce charge recombination and improve the FF.

Atomic force microscopy (AFM) was used to investigate the
surface morphology of the 1:1 BH]J, 1:2 BHJ and 1: 2 SHJ blend
films (Fig. S3, ESIf). The root-mean-square roughness (R)
values of the 1:1 BHJ, 1:2 BH]J and 1:2 SHJ blend films are
0.99 nm, 1.04 nm, and 1.10 nm, respectively, indicating smooth
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surface morphology of the above three blend films. Transmis-
sion electron microscopy (TEM) was adopted to investigate the
bulky morphology of the 1:1 BHJ, 1:2 BHJ and 1:2 SH]J blend
films (Fig. S4, ESIT). The TEM images of the above three blend
films are similar.

Grazing incidence wide-angle X-ray scattering (GIWAXS)
characterizations were performed to evaluate the molecular
packing and orientation of the pure and blend films.**** The
two-dimensional GIWAXS (2D GIWAXS) patterns and corres-
ponding 1D line-cuts along the in-plane and out-of-plane
directions of the 1:1 BH]J, 1:2 BHJ and 1:2 SH]J blend films
are shown in Fig. 4. All BHJ and SHJ blend films exhibit face-on
preferred orientation with strong (010) peaks in the out-of-
plane direction. For the 1:1 BH]J blend film, the n-r stacking
peak of Y6 locates at g, = 1.72 A™* (d-spacing of 3.65 A), and the
coherence length (CL) is 2.37 nm; the lamellar stacking peak of
PM6 locates at g, = 0.29 A~ (d-spacing of 21.66 A), and the
corresponding CL value is 5.75 nm. For the 1:2 BH]J blend film,
the Y6 n-r stacking peak locates at g, = 1.73 A™* (d-spacing of
3.63 A), and CL is almost the same (2.38 nm); as for the PM6
lamellar stacking peak, it locates at ¢, = 0.29 A~* (d-spacing of
21.66 A), and the corresponding CL value is 5.63 nm. Compared
with the BHJ blend films, the 1:2 SHJ blend film exhibits
stronger molecular ordering. The n-n stacking peak of Y6
locates at g, = 1.74 A™" (d-spacing of 3.61 A), and the corres-
ponding CL value increases to 2.68 nm. The lamellar stacking
peak of PM6 also locates at g, = 0.29 A™* (d-spacing of 21.66 A),
and the corresponding CL value increases to 5.81 nm. In the
1:2 SH] blend films, the PM6 and Y6 molecules exhibit a closer
n-n stacking, leading to enhanced charge transport and FF.
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Fig. 4 2D GIWAXS patterns of (a) 1: 1 BHJ, (b) 1: 2 BHJ and (c) 1: 2 SHJ blend films. (d) Corresponding GIWAXS 1D line-cuts along the out-of-plane (solid

lines) and in-plane (dashed lines) directions.
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Angle-dependent GIWAXS measurements were adopted to
investigate the crystallinity change along the vertical
direction.**™*® With larger incident angle, the X-ray beam
penetrates the whole film depth, displaying an average struc-
ture of the entire film. Fig. S5 (ESIt) shows the GIWAXS 1D line-
cuts of the 1:1 BHJ, 1:2 BHJ and 1:2 SHJ blend films with
different incident angles (0.11°-0.15°). According to the in-
plane (100) peaks (g: = 0.29 A™*) and out-of-plane (010) peaks
(g. = 1.72 A™"), the lamellar stacking of the PM6 and the n-r
stacking of the Y6 increase gradually with increasing incident
angles. Compared to the 1:1 BHJ blend, greater enhancement
of PM6 lamellar stacking can be observed for the 1:2 BHJ and
1:2 SH] blend with increased incident angle, indicating
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bottom-enriched vertical distribution of PM6 with lower D/A
ratio. The backbone stacking peaks of Y6 (located at ~0.4 A™)
are more apparent for the 1:2 BHJ and 1:2 SHJ blend,
suggesting larger phase separation than the 1:1 BHJ blend.
Compared with the 1:2 BHJ blend film, the changes of PM6
lamellar stacking and Y6 n—n stacking in the 1:2 SH]J blend film
are more intensive with the increased angles, indicating that
the 1:2 SH]J blend film has a more pronounced vertical phase
separation. Film-depth-dependent light absorption spectro-
scopy was used to measure the vertical distribution of donor/
acceptor.*”*° The donor/acceptor vertical segregation is differ-
ent in BHJ and SHJ films as a result of different phase evolu-
tions during film deposition. In the 1:1 BH]J blend film, the
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Fig. 5 Donor/acceptor composition distribution as a function of film depth for (a) 1:1 BHJ; (c) 1: 2 BHJ and (e) 1: 2 SHJ blend films. Exciton generation

-3 -1

contours (unit, 10*® mm™3 s7 nm! at its position and wavelength) are calculated from the film-depth-dependent light absorption spectra (b, d and f) in
combination with optical interference. The vertical noise-like lines in the contour are originally from the solar spectral profile of AM 1.5 G. The film depths
0 nm and 100 nm represent active layer/PNDIT-F3N and PEDOT:PSS/active layer interfaces, respectively.
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PM6 and Y6 materials exhibit no obvious phase separation in
the vertical direction. The content of PM6 is slightly lower than
that of Y6 in the lower half of the active layer (50-90 nm), and is
slightly higher in the upper half (0-50 nm), which is not
beneficial for charge transport and collection, leading to rela-
tively lower Jsc and FF. In the 1:2 BHJ blend film, the content
of Y6 is >50% in the entire device. However, relatively high
content of Y6 near the anode is not good for collecting holes,
which still limits the FF of the devices. In contrast, in the 1:2
SH] blend film, the vertical phase distribution is optimized. In
the upper half of the active layer, especially at the active layer/
PNDIT-F3N interface, the Y6 content is increased. In the lower
half of the active layer, the PM6 content is increased, and can
even reach 50% at the interface (Fig. 5a, ¢ and e). The improved
vertical phase distribution is beneficial for reducing charge
recombination and improving charge transport, leading to
higher Jsc and FF. Then, the exciton generation contours were
calculated via a modified transfer-matrix method (Fig. 5b, d
and f),>° with the film-depth-dependent optical variations
(Fig. S6, ESIT) as input. The maximum exciton generation rates
(Gmax) of the 1:1 BHJ, 1:2 BH]J and 1:2 SHJ blend films were
calculated to be 15.06 nm™® s™!, 15.03 nm™> s ' and
15.14 nm > s, respectively (Fig. S7, ESIt), and the higher
Gmax value accompanies more exciton generation, which is
beneficial for Jsc improvement.

Conclusions

In summary, we have fabricated high-performance ST-OSCs
based on wide-bandgap polymer donor PM6 and narrow-
bandgap acceptor Y6, using diluted donor contents combined
with a sequential solution process. Firstly, we decreased the
ratio of PM6 in the PM6:Y6 BH]J blends to weaken the visible
light absorption and to enhance device transparency in the
visible region. Then, using low donor contents, we adopted a
layer-by-layer solution process to fabricate SHJ ST-OSCs. Com-
pared with BHJ devices, SHJ devices exhibited more proper
donor/acceptor vertical separation, and higher and more
balanced charge mobility, which is beneficial for increasing
the FF of devices. The 1:2 SHJ ST-OSCs showed higher PCE,
higher AVT and higher LUE than the BHJ counterpart. This
work presented a useful method to achieve ST-OSCs with high
efficiency and high transparency.
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