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ABSTRACT: In addition to having proper energy levels and high hole mobility () without the use of dopants, hole-transporting
materials (HTMs) used in n-i-p-type perovskite solar cells (PSCs) should be processed using green solvents to enable environmen-
tally friendly device fabrication. Although many HTMs have been assessed, owing to the limited solubility of HTMs in green sol-
vents, no green-solvent-processable HTM has been reported to date. Here we report on a green-solvent-processable HTM, an
asymmetric D-A polymer (asy-PBTBDT) that exhibits superior solubility even in the green solvent, 2-methylanisole, which is a
known food additive. The new HTM is well matched with perovskites in terms of energy levels and attains a high py, (1.13 x 107
cm’/Vs) even without the use of dopants. Using the HTM, we produced robust PSCs with 18.3% efficiency (91% retention after 30
days without encapsulation under 50%—75% relative humidity) without dopants; with dopants (bis(trifluoromethanesulfonyl) imide
and #-butylpyridine, a 20.0% efficiency was achieved. Therefore, it is a first report for a green-solvent-processable hole-transporting

polymer, exhibiting the highest efficiencies reported so far for n-i-p devices with and without the dopants.

INTRODUCTION

Following the first use of perovskites as light absorption
materials by Miyasaka et al.,' perovskite solar cells
(PSCs) have been widely considered for use in next-
generation solar cells.”"' In general, the n-i-p-type PSCs
comprise a layering of fluorine-doped tin oxide (FTO), an
electron transporting layer (ETL), perovskites, a hole-
transporting layer (HTL), and a counter electrode (thus,
the n-i-p typology). Tremendous efforts have been ex-
pended in the development of new materials (ETLs, per-
ovskites, and HTLs) to improve power conversion effi-
ciency (PCE). Among the various components, the devel-
opment of new HTLs has proven attractive not only to
materials scientists but also to academic and industrial
engineers, as the current HTL fabrication involves com-
plicated fabrication steps and processes that affect the
work conditions and production cost. 2,2.,7,7'-
Tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-

spirobifluorene (Spiro-OMeTAD) is a common hole-
transporting material (HTM) that has been widely em-
ployed in the development of PSCs with PCEs up to
22.1%.'> However, despite its low molecular weight rela-
tive to polymeric HTMs, it can only be processed in chlo-
rinated or harmful solvents such as chlorobenzene (CB),
dichlorobenzene (DCB), or toluene. To enable environ-
mentally friendly fabrication of PSCs, it will therefore be
necessary to find a green-solvent-processable HTM. Nu-
merous other HTMs have been developed,”?' including
those developed by our group, *>** that exhibit high PCE
values. For instance, Jen et al., Nazeeruddin et al., Sun et
al., and Soek et al. independently reported a crosslinked
vinylbenzyl ether-functionalized small molecular HTM
(TCTA-BVP) (PCE = 18.3%),” dissymmetric fluorene-
dithiophene (PCE = 20.2%),”® and several small molecu-
lar and polymeric triarylamine-based HTMs (PCEs =
16.7%-20.8%).”"**** However, these high PCE values
were achieved only through processing with halogenated
or harmful solvents with severe acute toxicity in human
body (see Figure S1 for the respective MSDS hazard
symbols: GHS06, GHS07, GHS08, and GHS09). In addi-
tion, it was necessary to use polar additives (dopants),

such as lithium bis(trifl uoromethanesulfonyl) imide (Li-
TFSI), and t-butylpyridine (z-BP), primarily to control
hole mobility (u,). However, it is well known (and we
have demonstrated) that these dopants exhibit deliques-
cence, leading to the destruction of device functions.”
Given this background, the key specifications of an ideal
HTM would include (1) a proper energy level, (2) a high
Wy, value, (3) no use of dopants, and (4) high solubility in
non-harmful solvents in order to produce a green-solvent-
processable PSC with a high PCE and long-term stability.
As mentioned earlier, many studies have reported high
PCEs using various HTMs, including Spiro-OMeTAD,
with sophisticatedly designed energy levels (criterion 1),
high py, values (criterion 2), and dopant-free HTMs (crite-
rion 3);>"** however, only few of these attained reasona-
ble PCEs (with efficiencies of 16.2%,” 16.3%,* 16.9%,"
and 14.5%" attained by Yang et al., Gritzel et al., Jen et
al., and Marks et al., respectively). It is noticed that, in a
p-i-n inverted PSC, Chen et al. reported a truxene-based
HTM (Trux-OMeTAD), annealed at 150°C (PCE =
18.6%).%

Our group also reported a dopant-free, polymeric HTM
(random copolymer (RCP)), achieving a high PCE of
17.3% and long-term stability under a 75% relative hu-
midity (RH) condition.”* However, all of these HTMs
were processed with chlorinated or harmful solvents (and
therefore did not meet criterion (4)). The need for green
HTMs for PSCs with high efficiency and long-term sta-
bility that meet all four of the above mentioned criteria is
clear.

Here we report a green-solvent-processable, polymeric
HTM comprising benzothiadiazole (BT) and benzo[l,2-
b:4,5:b']dithiophene (BDT) (asy-PBTBDT in Figure 1). We
design a novel D (e-donor)-A (e-acceptor)-type conducting
polymer to easily obtain appropriate highest occupied molecu-
lar orbital (HOMO) and achieve high p,> allowing effective
hole extraction from perovskites to the HTM and hole trans-
portation through the HTM without the use of Li-TFSI and #-
BP, respectively.”* To improve solubility, the length or num-
ber of alkyl substituents can, in theory, be increased generally,
although as we have demons‘[rated,“’45 this can sometimes
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result in decreased ;. Instead, we adopt asymmetric alkyl
substituents on BT units in place of the conventional symmet-
ric alkyl substituent (PBTBDT) to produce irregularity within
a repeating unit of the polymeric (asy-PBTBDT) HTM.” The
resulting novel polymeric HTM is not only soluble in the vari-
ous halogenated or harmful solvents mentioned above but also
highly soluble in 2-MA (ca. 20 mg/ml), which is used as a
food additive (Figure 1 and see Figure S2 for that 2-MA did
not destroy a perovskite layer).46 Based on this, we firstly re-
port a green-solvent-processable HTM, asy-PBTBDT. There-
fore, it is a first step of replacing harmful solvents in fabrica-
tion of perovskites solar cells. This makes it possible to pro-
duce highly stable devices with 18.3% and 20.0% without and
with the dopants, which are the highest efficiencies reported so
far for the n-i-p PSCs using polymer HTMs, employing green
solvent.
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Figure 1. Chemical structures obtained by gel permeation
chromatography (GPC) showing their solubilities in 2-
methylanisole (2-MA).

RESULTS AND DISCUSSION

Synthesis and characteristics. Detailed synthesis and
characterization of PBTBDT and asy-PBTBDT are de-
scribed in Figure S3—5 and Note S1 in the Supporting
Information. Number-average molecular weights (M,)
and molecular weight distributions (polydispersity indices
(PDI)) were determined by GPC using CB as the eluent
and a calibration curve of polystyrene standards (Figure 1;
also see Table S1). PBTBDT is highly soluble in CB,
DCB, chloroform, toluene, o-xylene, and mesitylene (see
Figure S6-7 for the Hansen solubility diagram). Similarly,
asy-PBTBDT is highly soluble even in 2-MA, although
the M, (ca. 188 kDa and 1.55 PDI) of asy-PBTBDT is
slightly higher than that of PBTBDT (180 kDa, 1.66 PDI).
The solubility of asy-PBTBDT measured in this study
was ca. 20 mg/mL, which was sufficient to prepare a thick
polymer layer on perovskites. The high solubility of asy-
PBTBDT can be accounted for by the asymmetric alkyl
substituents on BT units, which lead to irregularities in
the repeating unit of the polymer.

The two polymers exhibited nearly identical intrinsic
properties in terms of absorption, oxidation, and thermal
degradation as measured using UV—Vis absorption spec-
troscopy (Figure S8), cyclic voltammetry (Figure S9),
thermal gravimetric analysis (Figure S10), and differential
scanning calorimetry (DSC) (see insert in Figure S10).

Although the DSC experiments produced no distinctive
thermal transitions such as glass transition or heat of melt-
ing, the GIWAXS measurements on the polymer films
produced weak crystal peaks, as shown in Figure 2a (see
also insets in the GIWAXS images). Judging from a com-
parison of the respective in-plane (100) and out-of-plane
(010) scattering peak intensities, the crystallinity of asy-
PBTBDT film processed with CB (denoted by asy-
PBTBDTg) was lower than that of PBTBDTcg. The
lower crystallinity in asy-PBTBDT g can be attributed to
the irregularity of its alkyl chains, enabling superior solu-
bility even in 2-MA. The GIWAXS images of the asy-
PBTBDT film processed with 2-MA (denoted by asy-
PBTBDT,.4) are similar to those of the asy-PBTBDT¢g
film (Figure S11). The crystallinity of the asy-PBTBDT
film was not significantly influenced by the processed
solvents.
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Figure 2. Crystallinity characterization, electronic properties, and energy diagrams. (a) Grazing-incidence wide-angle X-ray
scattering (GIWAXS) of PBTBDT and asy-PBTBDT. asy-PBTBDT shows lower crystallinity than that of the control. (b) Do-
pant-free asy-PBTBDT, 14 exhibited hole mobility compatible to doped common Spiro-OMeTADcg. (¢) Energy diagram ob-
tained using UV—Vis spectrometry and cyclic voltammetry. The energy level of asy-PBTBDT is matched to the use of HTMs in

PSCs.
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1 Table 1 Summary of the photovoltaic parameters obtained from the best devices. The table lists the average PCE (PCE,,,),
2 MPP efficiency (PCEy;pp), and current density (Jypp) results for two HTMs prepared using Spiro-OMeTADg with dif-
3 ferent dopants and for an HTM prepared using asy-PBTBDT,.yj». Measurements were performed under AM 1.5 solar
g illumination. The cell size is 0.09 cm®.
6 - — -
7 Device conditions J-V curves MPP efficiency
Jsc Voc FF PCE (PCE4g)  PCEavghys Jmep PCEwmpr
g HTM solvent dopant (mA. /sz) V) (%) %) (%) (mA. /sz) (%)
asy-PBTBDT,.ua (R)  2-MA X 22.4 .11 732 18.3(17.4)
10 (F) 21.8 .10 725 17.5 17.9 205 17.4
11 Spiro-OMeTADs (R)  CB o 22.1 111 749 185 (17.4) a1 ok s
12 (F) 22.0 1.09 735 17.7 : : :
13 Spiro-OMeTADcs (R)  CB X 19.8 0.99 504 9.9 (7.7) o1 134 o1
14 F) 20.1 0.98  42.0 8.2 ' ’ '
15
16
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46
47 Figure 3. PSC characterization. (a) Dopant-free asy-PBTBDT,_y14 (red solid points) and doped Spiro-OMeTADg (blue solid
48 points) device statistics taken from measurements of 20 devices with an average PCE of 17.4%. (b) J-V curves of the respective
49 PSCs. The dopant-free asy-PBTBDT,_y14 exhibited performance compatible to that of doped Spiro-OMeTADcg. (¢) IPCE of
50 devices using dopant-free asy-PBTBDT,_ ;4 and doped Spiro-OMeTADcg. (d) MPP curves of the champion cells. These values
51 are compatible to the corresponding J—V curve results.
52
53 Note that in our results, we denote “a polymer film processed PBTBDT, pa or cg Was in the range of 1.13-1.34 x 107
54 with a solvent” as Polymerggy.n, as a processing solvent might cm*/Vs (Figure 2b and Figure S12), which is similar to that of
55 influence the properties of the polymer film. the doped Spiro-OMeTAD; containing 2 mM Li-TFSI and
56 0.07 mM #BP (1.80 x 10~ c¢m?/Vs). Note that the w, value
57 Hole mobility and energy levels. The hole mobility (u,) of (ca. 1.40 x 10~* cm’/Vs) of the dopant-free Spiro-OMeTAD;
58 asy-PBTBDT was measured using the space charge limited was one order of magnitude lower than that of the doped
59 current method. The , value of the dopant-free asy- HTM. Addition of two types of dopants to asy-PBTBDT, yiz
60
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or cg Tesulted in significant increases in its p, values to 4.71 x
10~ and 4.82 x 10 cm’/Vs, respectively, along with effective
charge carrier density (Figure S13 and Table S2).

The HOMO and lowest unoccupied molecular orbital
of asy-PBTBDT were placed at ca. —=5.36 and —3.55 ¢V,
respectively (Table S1), based on estimates of the oxida-
tion potential in cyclic voltammograms and the bandgap
value (1.81 eV) in the UV—Vis absorption spectra. This
energy value was in good agreement with a value (-5.3
eV) obtained from UPS measurement (Figure S14). Based
on this range, it would be expected that only perovskite-
generated holes could be easily transferred to asy-
PBTBDT HTL showing higher HOMO level than that of
the perovskite (ca. —5.52 eV) (Figure 2¢ and Figure S15).

Photovoltaic performance. Twenty devices were fabricated
using dopant-free asy-PBTBDT,.\4 (Table 1). The overall
PCE values ranged from 16.0% to 18.3% (Figure S16-17),
which is comparable to that of conventional control devices
employing doped Spiro-OMeTADcp (Figure 3a and Figure
S18-19). In reverse scanning (scan rate = 0.05 V/s), the best
device employing dopant-free asy-PBTBDT, s reached a
PCE of 18.3%, which is equivalent to the results obtained by
the best control device employing doped Spiro-OMeTADcg
(PCE of 18.5%) (Figure 3b). Furthermore, The PCE of 18.3%
is the highest value among the n-i-p PSC devices employing
dopant-free polymeric HTMs up to date. To confirm the Js¢
values from the J-V curves, the incident photon-to-current
efficiencies (IPCE) were measured and then used to calculate
the Jsc o values of 21.6 and 21.3 mA/cm” for the dopant-free
asy-PBTBDT,.y;4 and the doped Spiro-OMeTADg, respec-
tively, which were both in close agreement with the Jsc values
from the J-V curves (Figure 3c).

The maximum power point (MPP) efficiency (PCEypp) at
each MPP was measured to estimate the device performance
under real operational conditions (Figure 3d).47 The stabilized
PCE\pp and photocurrent density (Jypp) of the dopant-free
asy-PBTBDT,.y4 devices were found to be 17.4% and 20.5
mA/cm’, respectively, which is equivalent to the correspond-
ing values in the doped Spiro-OMeTADcg device (Table 1).
It was noted that owing to the high FF value in the dopant-free
asy-PBTBDT,.ys device, its stabilized Jypp (20.5 mA/cmZ)
approached the Jc value (22.4 mA/cm?) in its J-V curve.

The average efficiency (PCE,y,.1ys) of the reverse and for-
ward scans for the dopant-free asy-PBTBDT, 4 was 17.9%,
which was similar to that for the doped Spiro-OMeTADcp
(Figure S20-21). This value was comparable to the corre-
sponding stabilized PCEypp value (17.4%). The result shows
that measurement of the stabilized PCEy;pp at an MPP is a

potentially highly reliable method to estimate device perfor-
mance under real operational conditions. Similarly, the PCE
for the dopant-free Spiro-OMeTADcg was ca. 9.9% (Figure.
3b), which is close to its stabilized PCEyppp value (Figure S22)
but much lower than that for the doped Spiro-OMeTAD(pg,
primarily owing to the decreased FF value in both the scan
directions. This result indicates the importance of a high HTL
W, value to achieve robust photovoltaic performance in this
type of solar cell.”*

The high performance of asy-PBTBDT,_y4 can be primari-
ly ascribed to its favorable film formability as a result of its
high solubility in 2-MA and secondarily to its high p, value,
which is attained using a green solvent without dopants. It was
noted that the solubility of Spiro-OMeTAD in 2-MA was not
as high as that in CB and that the photovoltaic performances
of the dopant-free and doped Spiro-OMeTAD, 4 (Which met
criteria (1, 3, and 4) and (1, 2, and 4), respectively) were
slightly poorer than those of the corresponding Spiro-
OMeTADcg (Figure S23). A ca. 0.14 Vo value difference
would be expected between two devices using doped Spiro-
OMeTADcg and dopant-free asy-PBTBDT g based on the
energy levels shown in Figure 2c, as the HOMO level of asy-
PBTBDT (—5.36 eV) is deeper than that of Spiro-OMeTAD
(-5.22 eV).”” However, the HOMO energy level, which can
only be measured by cyclic voltammetry without dopants,
represents the neutral state of Spiro-OMeTAD in this study.
Indeed, the Voc value for the dopant-free Spiro-OMeTADcg
was 0.99 V, which was ca. 0.12 V smaller than that for the
doped Spiro-OMeTADcg. It is possible that the increased Voc
value for doped Spiro-OMeTADcg is caused by the so-called
p-doping (direct partial oxidization of the central amine in
Spiro-OMeTAD with Li-TFSI, see Figure S24a)," which
might lower the HOMO energy level in an actual doped sys-
tem.

We further investigated the photovoltaic performance of
asy-PBTBDT ¢ prepared with a conventional processing sol-
vent (CB) in the absence of any dopants (Table 2, Figure S25-
26). This type of dopant-free asy-PBTBDT g would possess
criteria 1, 2, and 3. The PCE, PCE, 1y, and PCEypp of the
device were 17.1%, 16.7%, and 16.6%, respectively (Figure
S27).

We noted that the PCE was similar to the value (PCE =
17.3%) obtained from the D-A type of an RCP possessing
criteria 1, 2, and 3, as previously reported by our group.”*
However, the PCE from the dopant-free asy-PBTBDT ¢ was
slightly lower than that of the dopant-free asy-PBTBDT, 4
produced in an identical manner (PCE = 18.3%).

Table 2 Summary of the photovoltaic parameters obtained from best devices, showing average PCE (PCE,,,), MPP effi-
ciency (PCEypp), and current density (Jypp). The devices were fabricated using different types of asy-PBTBDT using
different solvents and dopants. Measurements were performed under AM 1.5 solar illumination. The cell size is 0.09 cm’.

Device conditions J-V curves MPP efficiency
Jsc VOC FF PCE (PCEa\'g) PCEavg,hys Jmpp PCEMPP

HTM solvent dopant ( cm?) V) %) %) (%) (mA/cm?) (%)

asy-PBTBDT¢g (R) CB X 21.2 1.12 72.3 17.1 (15.9) 167 195 16.6
F) 21.1 1.10 70.0 16.2

asy-PBTBDT,ma (R) 2-MA O 22.8 1.12 79.4 20.0 (19.2) 194 211 190
F) 22.7 1.06 78.6 18.8

-PBTBDTcs (R CB O 222 1.14 79.6 20.0 (19.5

sy cs (R) (19.5) 19.6 21.1 18.9

F) 22.0 1.12 77.0 19.1
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Figure 4. Doped device testing of asy-PBTBDT, hole extraction ability, and long-term stability. (a) Device with doped asy-

PBTBDT),_ 4 (red line) shows enhanced PCE owing to increasing p, with a low hysteresis phenomenon. (b) The IPCE of doped
asy-PBTBDT,_ 4 (red line) confirms the current density predicted by the J—J and MPP curves. (c¢) Pulse width of the excitation
source (=70 ps) obtained from the time-resolved photoluminescence measurement of glass/perovskite/HTMs samples. (d) Long-

term stability test: devices with dopant-free asy-PBTBDT),_y;4 (red filled circle line) cells, with doped cells (open red circle
line), and the device with doped Spiro-OMeTAD g (open blue diamond line) were stored at 50%—75% RH and room tempera-
ture. Comparison of J-V curves between new devices and devices aged 30 days revealed high stability in the dopant-free asy-
PBTBDT),. 4 cell. 2 mM Li-TFSI + 0.07 mM #-BP were used as dopants. Noticed that the best efficiency at the first day is ob-

among all of the reported polymeric HTMs with dopants.
Using the IPCE spectrum, the Jsc values were also con-
firmed (see inset in Figure 4b); given the high PCE, nys
(19.4%) and FF values (Figure 4b), the measured high
stabilized PCEy;pp (19.0%) and Jypp (21.1 mA/cmz) were
not surprising. Using CB as a processing solvent in the
presence of the dopants (thus meeting criteria 1 and 2)
(Figure S28), nearly identical efficiencies (PCE = 20.0%,
PCE,gnys = 19.6%, and PCEypp = 18.9%) and current
densities (Jsc = 22.2 mA/em?, Jsc.ca = 22.4 mA/cm?, Jypp
= 21.1 mA/cm®) were achieved (Table 2); this was also
the result of a high p, value (4.82 x 10 cm?/Vs)
achieved without p-doping (Figure S24b).

The excellent photovoltaic performances of the devices
employing asy-PBTBDT,_y;4 with and without additives
were further investigated using steady-state photolumi-
nescence (SSPL) (see Experimental section and Figure
S29 for details). The photoluminescence peak at 760 nm,
which originates from excitation of perovskite at 464 nm,
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40 tained with doped asy-PBTBDT, whereas the best stability is obtained with un-doped polymer.
41
42 The reason for this discrepancy is not clear, but is likely
43 ascribable to the polarity (8,) and boiling temperature
44 (BP) differences between 2-MA (8, = 4.7 MPa'?, and BP
45 = 182°C) and CB (3, = 3.6 MPa'”, and BP = 131°C) (the
46 cohesive energy density of polarity and boiling tempera-
47 ture were calculated using the Yamamoto-Molecular
48 Break (Y-MB) method in HSPiP).* These results suggest
that 2-MA can enable better contact between a relatively
49 hydrophobic polymer and a hydrophilic rough perovskite
50 50,51
surface.”” As mentioned earlier, the addition of the do-
51 pants Li-TFSI and #-BP to asy-PBTBDT),_y4 resulted in a
52 significant increase in its p, values to 4.71 x 10> ¢cm*/Vs.
53 The effects of these dopants on photovoltaic performance
54 were therefore further studied. Earlier in this study, we
55 reported HTM satisfying criteria 1, 2, and 4 (Table 2).
56 Using 2-MA solvent, The PCE values were of this HTM
57 were enhanced from 18.3% to ca. 20.0%, primarily owing
58 to the resulting increase in the FF value (73.2% —
59 79.4%) (Figure 4a). The efficiency is the highest value
60
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was significantly quenched in perovskite layers covered
with doped Spiro-OMeTADcg, doped asy-PBTBDT, 4,
or dopant-free asy-PBTBDT, y;, HTLs, indicating effec-
tive hole extraction from the perovskites to the HTLs in
all three cases. The HTL quenching rates were measured
using time-resolved photoluminescence, producing simi-
lar results for the dopant-free asy-PBTBDT,\, and
doped Spiro-OMeTADcg but a faster quenching rate in
the doped asy-PBTBDT, y5 (Figure 4c). Identical trends
were observed in HTLs processed with CB (See Figure
S30-31 for a comparison of the dopant effects on the re-
spective quenching rates).

Finally, non-encapsulated devices were stored under 50%-—
75% RH conditions to measure long-term stability. The 30-
day efficiency of a device processed with green solvent (2-
MA) without dopants retained ca. 91% of its initial PCE (Fig-
ure 4d) owing to the intrinsic hydrophobicity of the dopant-
free asy-PBTBDT,. s (Figure S32). This value was much
higher than that for the doped asy-PBTPBDT, 14, which lost
approximately 25% of its efficiency over the test period. Fur-
thermore, the doped Spiro-OMeTADcg showed that the effi-
ciency remarkably decreases by around 60%. The result is
consistent with the results previously reported by our group.**
Overall, the tests described above confirm that asy-PBTBDT
is the first reported HTM to possess all four of the following
criteria: (1) a proper energy level, (2) a high , value, (3) no
use of dopants, and (4) high solubility in non-harmful sol-
vents.

CONCLUSION

In this study, we demonstrated that the asymmetric substituted
polymer asy-PBTBDT has superior solubility in the edible
food additive 2-MA relative to the symmetric polymer
(PBTBDT) despite the identical carbon numbers in their re-
spective alkyl groups. The p, value of dopant-free asy-
PBTBDT,.\4 was found to be ca. 1.13 x 10 ¢cm*/Vs, which
is nearly identical to that of doped Spiro-OMeTADcg (1.80 x
10~ ¢cm®/Vs). Dopant-free asy-PBTBDT,.y4 processed using
a green solvent can be used to fabricate PSCs with high long-
term stability and photovoltaic performance (i.e., a PCE of
18.3%). Addition of dopants to asy-PBTBDT,_ yx significant-
ly improves photovoltaic performance to up to PCE = 20%
owing to dopant-induced enhancement of the p,. These effi-
ciencies represent the highest values in n-i-p PSCs using ro-
bust polymeric HTMs in case of dopant-free and use of do-
pant, respectively. The approach described in this paper has
the potential to commercialize the PSCs by enhancing solubili-
ty in green solvent and to further improve photovoltaic per-
formance by increasing HTL py, values, which in turn could
significantly step up the commercialization pathway of PSCs.
This development strategy could also be applied to a variety of
polymer-based optoelectronics, including bulk heterojunction
solar cells and organic light-emitting or organic field-effect
transistors.
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