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Abstract Side-chain engineering is an important strategy in designing
novel polymer semiconductor materials for high-efficient organic solar
cells. The use of trialkylsilyl side chains can improve the photovoltaic
efficiency by decreasing the energy of the HOMO of the polymer and
improving its crystallinity and hole mobility. Compared to simple linear
derivatives, α-branching in the alkyl groups of trialkylsilyl side chains
causes strong aggregation and excessive phase separation in the
photoactive layer, leading to poor device performance. β-Branching of
the alkyl groups has not yet been used in trialkylsilyl side chains. Herein,
we describe a new polymer (J77) with triisobutylsilyl side chains to
investigate the effect of β-branching on the molecular aggregation,
optical properties, energy levels, and photovoltaic properties. We find
that compared to α-branching, β-branching of alkyl groups in
trialkylsilyl side chains significantly reduces aggregation. This enables
J77 to form blend morphologies in films that provide high-efficient solar
cells in combination with different non-fullerene acceptors. Moreover β-
branching of the alkyl groups in trialkylsilyl side chains lowers the
HOMO energy level of J77 and increases the open-circuit voltage of J77-
based solar cells without sacrificing short-circuit current density or fill
factor.

Key words organic solar cells, polymer donors, non-fullerene accept-
ors, cross-coupling, power conversion efficiencies

Introduction

Organic solar cells comprise donor and acceptor semi-
conductors in which holes and electrons are generated
under illumination. Both small molecules,1 well-defined

dendrimers,2 and π-conjugated polymers3 have been used
for this purpose. In recent years, polymer solar cells (PSCs)
composed of p-type π-conjugated donor polymers and n-
type non-fullerene acceptors (NFAs) have blossomed.
Numerous efficiency breakthroughs in combination with
advantages such as potential low cost, lightweight, and
flexibility make PSCs continue to attract vivid attention.4–7

Benefiting from the new materials and advanced device
engineering, the power conversion efficiency (PCE) of
single-junction and tandem PSCs now exceeds 17%.8–14

The design and synthesis of polymer donors play an
important role in obtaining high PCEs.15–19 Traditionally,
the main focus of researchers has been on the design and
synthesis of new building blocks to develop the main chain
of the polymer donor, while side chains were merely
regarded to improve solubility. However, more and more
studies suggest that the type, size, topology, and distribu-
tion of side chains have a great influence on the aggregation,
π-stacking, orientation, optical properties, charge transport,
and photovoltaic properties of these materials. Therefore,
side-chain engineering is nowwidely explored in the design
of novel semiconductors for high-efficient organic solar
cells.20–34

Side-chain engineering is also an important design
strategy to reduce energy and voltage losses in PSCs, which
remains a crucial issue in comparison to silicon and
perovskite solar cells.18,22,23,32,35,36 A common approach
to lower the energy loss of PSCs is to narrow the energy level
offsets of the HOMOs and LUMOs of the donor and acceptor
in the active layer, while ensuring effective charge separa-
tion.37–40 As an example, in a recent study, a series of
wide bandgap benzodithiophene-alt-difluorobenzotriazole
(BDTT-alt-FBTA) copolymers with trialkylsilyl side chains
was compared with alkyl side-chain analogs.41 Trialkylsilyl
side chains efficiently decrease the HOMO energy and
improve crystallinity and hole mobility of the polymer,
while keeping an extraordinarily high exciton dissociation

Dedicated to Professor Peter Bäuerle on the occasion of his 65th birthday.

134

Organic Materials H. Bin et al. Original Article

© 2021. The Author(s). Organic Materials 2021, 3, 134–140
Georg Thieme Verlag KG, Rüdigerstraße 14, 70469 Stuttgart, Germany

!

Article published online: 2021-04-01

http://orcid.org/0000-0002-0398-8558
http://orcid.org/0000-0002-1920-5124
mailto:r.a.j.janssen@tue.nl


and charge separation efficiency.41 This simultaneously
improved the open-circuit voltage (Voc) and the short-
circuit current density (Jsc), and thereby the PCE.41 In
comparing the effect of linear and α-branched alkyl groups
in the trialkylsilyl side chains on the photovoltaic proper-
ties, it was found that the linear propyl groups afford more
ordered molecular packing, higher absorption coefficients,
and higher charge carrier mobility than α-branched
isopropyl groups. As a result, a BDTT-alt-FBTA copolymer
with tripropylsilyl side chains (J71) showed higher JSC and
fill factor (FF) in PSCs than the corresponding copolymer
(J72) with triisopropylsilyl side chains (Figure 1).24 Remark-
ably, the isopropyl groups did not provide J72 with a lower
tendency to aggregate or higher solubility. Bulk hetero-
junction films based on J72 with NFAs showed excessive
phase segregation, resulting in a lower Jsc and FF than for the
corresponding J71-based devices.24

β-Branched alkyl chains are the most commonly
employed side chains for π-conjugated polymers and have
beenwidely used in efficient photovoltaicmaterials because
they offer a good trade-off betweenmolecular solubility and
molecular order.20,23,26,33,42,43 However, so far β-branched
alkyl groups in trialkylsilyl side chains have not been
studied. To fill this gap, we designed and synthesized a
BDTT-alt-FBTA copolymer (J77, Figure 1) with β-branched
isobutyl groups in the trialkysilyl side chains and investi-
gated the effect on the molecular aggregation, optical
absorption, energy levels, and photovoltaic properties. We
find that triisobutylsilyl side chains reduce the tendency of
the polymer to aggregate and offer enhanced solubility
compared to triisopropylsilyl. Moreover, J77 presents a
lower HOMO level and gives better device performance after
blending with a variety of NFAs than J71. The results
illustrate that β-branching of alkyl groups in trialkylsilyl
side chains is a promising approach to create polymer
donors for efficient PSCs.

Results and Discussion

The synthesis of J77 was accomplished by a palladium-
catalyzed cross-coupling reaction (Scheme 1). Benzo[1,2-
b:4,5-b]dithiophene-4,8-dione and compounds 1–4 were
synthesized following procedures analogous to those

reported in the literature.41,43 The synthetic procedures
and details of the characterization are described in the
Experimental Section. J77 shows good solubility in common
organic solvents such as chloroform and chlorobenzene.
Likewise, compounds 2 and 3 show good solubility which is
favorable for their purification. The molecular weight
distribution of J77 was measured by gel permeation
chromatography (GPC) in 1,2-dichlorobenzene (o-DCB) as
the eluent, calibrated by polystyrene internal standards. The
number-average molecular weight (Mn) of J77 is 30.2 kDa
with a polydispersity of 2.53.

As can be expected, J77 and J71 exhibit similar
absorption spectra (Figure 2a), covering the range of 400
to 650 nm, with a maximum at �536 nm and a clear
vibrionic structure that indicates π–π stacking between the
polymer backbones. However, compared to J71, the
absorption spectrum of J77 is slightly blue-shifted and
the 0–0 vibrionic peak is somewhat less intense. This
suggests a relatively less ordered intermolecular stacking,
which is tentatively ascribed to a higher steric hindrance of
the β-branched isobutyl groups that hamper co-planarity of
the polymer main chain in J77 more than the linear propyl
groups do in J71. J77 displays an absorption onset at 622 nm
corresponding to a relatively wide optical bandgap of
1.99 eV.

The HOMO and LUMO levels of J71 and J77 were
determined by cyclic voltammetry on thin films immersed
in a 0.1 M solution of tetrabutylammonium hexafluoro-
phosphate (n-Bu4NPF6) in acetonitrile (Figure 2b). The
HOMO and LUMO levels were calculated from the onset
potentials of the oxidation and reduction waves and were
found to be �5.26 and �3.63 eV for J71 and �5.31 and

Figure 1 Benzodithiophene-alt-difluorobenzotriazole (BDTT-alt-FBTA)
copolymers (J71, J72, J77) with different trialkylsilyl side chains. Scheme 1 Synthesis route to polymer J77.

Figure 2 (a) Optical absorption spectra of J71 and J77. (b) Cyclic
voltammograms of J71 and J77.
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�3.58 eV for J77, respectively. Hence, the β-branched
isobutyl groups provide a slightly deeper HOMO level to
J77, which can contribute higher Voc in a solar cell.

The thin-film aggregation behavior of the pristine
polymers was investigated using atomic force microscopy
(AFM) in tapping mode. As shown in Figure 3, spin-coated
films of J71 with tripropylsilyl side chains have a very
smooth and uniform surface topology with a small root-
mean-square surface roughness (Rq) of 0.55 nm. In contrast,
for J72, with triisopropylsilyl side chains, the surface
roughness is almost 1 order of magnitude higher (Rq ¼ 4.98
nm) and there are clear signs of aggregates in the height
image. By adjusting the branching to the β-position, the new
copolymer J77 with its triisobutylsilyl side chains shows a
Rq of 1.13 nm. Hence, the aggregation tendency of J77 has
been suppressed compared to J72, which is favorable to the
formation of suitable phase separation and morphology in
blend films with NFAs. The suppressed aggregation of J77
compared to J72 is ascribed to an enhanced conformational
freedom and larger flexibility provided by β-branched
isobutylsilyl groups, thereby providing a better solubility
and lower tendency to crystallize than the α-branched
isopropylsilyl side chains which are shorter and conforma-
tionally more rigid. Consequently, triisopropylsilyl side
chains contribute less to the solubility of the polymer than
triisobutylsilyl side chains, leading to an enhanced
aggregation.

To explore the effect of β-branching in the triisobutyl-
silyl side chains on the photovoltaic properties, we
employed four different NFAs (ITIC, m-ITIC, IT-4F, and
IDIC) (Figure 4) in blends with J77 and made PSCs using a
conventional device architecture consisting of an
ITO/PEDOT:PSS/J77:NFA/ PDINO/Al layer stack. The donor
and acceptor components in the blend films offer comple-
mentary absorption spectra and together cover the �400–-
800 nm spectral range (Figure 5a). The energy level diagram
of J77 and the four NFAs shows energy level offsets that are
suitable to effectively dissociate excitons (Figure 5b). The
optimal conditions for highest solar cell performance were
found to be a donor–acceptor blend weight ratio of 1:1,
using a total concentration of 20 mg mL�1 in chloroform,
and spin coating the solution at 2000 rpm. Thermal

annealing was used to optimize the device performance
(150 °C for 10 min for ITIC- and m-ITIC-based devices, 120 °
C for 5 min for IT-4F-based devices, and 150 °C for 2 min for
IDIC-based devices).

The current density–voltage (J � V) characteristics of
the solar cells reveal PCEs � 10% for J77 in combination
with all four NFAs (Figure 6a, Table 1). The J77:ITIC blend
provides a PCE of 10.5% with a high Voc of 0.98 V, a Jsc of

Figure 4 Molecular structures of the NFAs used in this study.

Figure 3 AFM height images of pristine films of J71, J72, and J77. Image
size is 3 μm � 3 μm.

Figure 5 (a) Absorption spectra of blends of J77 with NFAs. (b) Energy
level diagram.

Figure 6 Optimized J77:NFA PSCs. (a) J � V characteristics under
simulated AM1.5G (100 mW cm�2) illumination. (b) EQE spectra. (c)
Dependence of Jsc on photon flux. (d) Dependence of Voc on photon flux.
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17.8 mA cm�2, and a FF of 0.60. Changing the acceptor to
m-ITIC improved the PCE to 11.2%, mainly because of an
increased FF of 0.64. For the J77:IT-4F blend, the PCE is
10.0%. Here the lower optical bandgap improved Jsc
(20.2 mA cm�2), but lowered Voc (0.84 V) and FF (0.59).
Finally for the IDIC-based device, the PCE reached to 10.6%,
with a high Voc of 0.92 V, a Jsc of 17.02 mA cm�2, and a FF of
0.68. For a direct comparison, we also fabricated the
devices using J71 as the donor (Figure 7, Table 2). The ITIC-
based devices show comparable performance for J77
(PCE ¼ 10.5%) and J71 (PCE ¼ 10.7%), but m-ITIC, IT-4F,
and IDIC devices with J77 (PCE ¼ 11.2%, 10.0%, 10.6%) were
always better thanwith J71 (PCE ¼ 10.4%, 8.8%, 10.0%). The
improved PCE for J77 compared to J71 is primarily due to a
higher Voc, but without sacrificing Jsc or FF. These results
indicate that the introduction of β-branching in the
triisobutylsilyl side chains in J77 effectively reduces the

HOMO energy level with negligible negative effects on
the charge generation and collection efficiency of the
blends.

The corresponding external quantum efficiency (EQE)
spectra (Figure 6b) reach up to 80% and cover a broad
wavelength range of 300–800 nm, demonstrating that both
donor and acceptor contribute to the Jsc of the PSCs. The Jsc
values integrated from the EQE spectra agree well with the
values obtained from the J–V curves with less than 5%
mismatch (Table 1). To examine charge recombination in
J77:NFA blends, the dependence of Jsc and Voc on the
incident photon flux (Φ) was investigated. In general the
short-circuit current density follows a power-law depen-
dence with photon flux (Jsc / Φα). For the four devices, the
exponent α was found to be almost unity (Figure 6c),
indicating that at short-circuit bimolecular recombination
is negligible.44 The dependence of Voc on light intensity was
measured to study the balance between bimolecular and
surface recombination on one hand and trap-assisted
recombination on the other. If trap-assisted recombination
is very weak or negligible, the slope of Voc vs. the natural
logarithm of photon flux (ln Φ) is close to kT/q, where k is
the Boltzmann constant, T the absolute temperature, and q
the elementary charge.44 The slopes were found to be 1.37
kT/q, 1.58 kT/q, 1.42 kT/q, and 1.40 kT/q for ITIC-, m-ITIC-, IT-
4F-, and IDIC-based devices, respectively (Figure 6d). These
results demonstrate that in all devices trap-assisted
recombination occurs.

Hole-only (ITO/PEDOT:PSS/J77:NFA/MoO3/Ag) and elec-
tron-only (ITO/ZnO/J77:NFA/PDINO/Al) devices were used
to investigate the charge transport properties of J77:NFA
blends, by determining the hole and electron mobilities
from the space-charge-limited current (SCLC;
Figure 8, Table 1). For the four J77:NFA blends, the hole
mobilities (µh) are 1.56 � 0.30 � 10�4 cm2 V�1 s�1, while
the electron mobilities (µe) are 1.23 � 0.57 � 10�4 cm2 V�1

s�1 and thus slightly lower and vary more. The µh/µe ratio,
however, varies in accordance with FF and is closest to unity
(µh/µe ¼ 1.01) for J77:IDIC, where FF ¼ 0.68 and deviates
most from unity (µh/µe ¼ 2.37) for J77:IT-4F, where FF
¼ 0.59. The higher and more-balanced charge carrier
mobilities in the J77:IDIC blend are beneficial to charge
separation and charge transport, and contribute to a higher
FF of 0.68.

Table 1 Photovoltaic parameters of J77:NFA PSCs under simulated AM1.5G (100 mW cm�2) illumination

Device Voc (V) Jsc (mA cm�2) FF PCE (%) Jsc
a (mA cm�2) μh (cm2 V�1 s�1) μe (cm2 V�1 s�1) μh/μe

J77:ITIC 0.98 17.8 0.60 10.5 17.4 1.54 � 10�4 1.14 � 10�4 1.35

J77:m-ITIC 0.97 18.1 0.64 11.2 17.4 1.70 � 10�4 1.46 � 10�4 1.16

J77:IT-4F 0.84 20.2 0.59 10.0 19.6 1.14 � 10�4 0.48 � 10�4 2.37

J77:IDIC 0.92 17.0 0.68 10.6 16.4 1.84 � 10�4 1.82 � 10�4 1.01

aIntegrated from the EQE spectrum.

Table 2 Photovoltaic parameters of J71:NFA PSCs under simulated
AM1.5G (100 mW cm�2) illumination

Device Voc (V) Jsc (mA cm�2) FF PCE (%)

J71:ITIC 0.94 17.8 0.64 10.7

J71:m-ITIC 0.93 18.0 0.62 10.4

J71:IT-4F 0.79 19.9 0.56 8.8

J71:IDIC 0.89 17.2 0.65 10.0

Figure 7 J � V characteristics of optimized J71:NFA PSCs under simu-
lated AM1.5G (100 mW cm�2) illumination.
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To identify the microstructure and characterize the
surface morphology of the active layers of the four J77:NFA
blend films, tapping-mode AFM was performed (Figure 9).
All films present a relatively smooth surface, consistent
with an intimately mixed blend and absence of coarse
phase separation. For the blends of J77, the Rq values range
from 0.99 to 2.57 nm (Figure 9) and are very close to those
of the corresponding J71-based films where Rq varies
between 0.55 and 1.91 nm as shown in the Supporting
Information (Figure S1). The sub-nanometer surface
roughness found for J71:ITIC (Rq ¼ 0.55 nm) and J71:IT-
4F (Rq ¼ 0.80 nm) agrees well with previously reported
data for these blends of 0.72 and 0.74 nm, respecively.41,45

Compared to the J77-based blend films, the Rq values of the
J71-based blend film are thus slightly lower, but the
difference is very small. This suggests that similar nano-
phase morphology is obtained with triisobutylsilyl side
chains as with tripropylsilyl side chains. The largest Rq

value (2.37 nm) was found for the J77:IDIC blend film, but
the surface does not show signs of aggregates or extensive
phase separation. These results further confirm that
compared to α-branching, β-branching in alkyl groups of
trialkylsilyl side chains effectively reduces the aggregation
of polymer chains.

Conclusions

In summary, a new BDTT–alt–FBTA-basedwide bandgap
polymer donor J77 with triisobutylsilyl side chains was
developed and successfully applied in efficient PSCs with
narrow-bandgap NFAs. Compared to triisopropylsilyl side
chains with α-branched alkyl groups, the β-branched
isobutyl groups significantly reduce the aggregation of
the polymer. As a result, J77 forms an appropriate phase
separation and morphology in the blend film for high
photovoltaic performance. Importantly, the β-branching
further lowered the HOMO energy level of J77 compared to
J71 with linear alkyl groups, while keeping its favorable
characteristics in terms of mobility and charge generation
and transport. As a result, J77:NFA-based solar cells afford
higher Vocwithout losing Jsc and FF, compared to the J71:NFA
cells. We envision that incorporation of β-branched alkyl
groups in trialkylsilyl side chains is a useful strategy for the
design of efficient photovoltaic donor materials.

Experimental Section

All chemicals and solvents were purchased from Sigma
Aldrich, Alfa Aesar, or TCI Chemical Co. 1HNMR spectrawere
measured on a Bruker AVANCE III HD 400 MHz spectrome-
ter with d-chloroform as the solvent and tetramethylsilane
as the internal reference. Matrix-assisted laser desorption
ionization time of flight (MALDI-TOF) mass spectrometry
was performed on a Bruker Autoflex Speed spectrometer.
Polymer molecular weight distributions were estimated by
GPC at 140 °C on a PL-GPC 120 system using a PL-GEL 10 µm
MIXED-C column with o-DCB as the eluent. Molecular
weights were calibrated against polystyrene internal stand-
ards. Samples were dissolved in o-DCB at 140 °C at a
concentration of 0.1 mgmL�1. UV–vis–near IR spectroscopy
was recorded on a PerkinElmer Lambda 1050 UV–vis–near
IR spectrophotometer at room temperature. Cyclic voltam-
metry studies were performed with a scan rate of 0.1 V s�1

under an inert atmosphere with 1 M n-Bu4NPF6 in
acetonitrile as the electrolyte. All potentials are reported
versus the ferrocene/ferrocenium redox couple (Fc/Fcþ) and
a value of �4.8 eV was used to convert redox potentials to
energies vs. vacuum. The morphologies of films were
characterized by a Veeco Dimension 3100 atomic force
microscope with tapping mode.

Triisobutyl(thiophen-2-yl)silane (1)

Under a protective argon atmosphere, n-BuLi (20 mL,
2.5 M in hexane) was slowly added to a solution of
thiophene (4.2 g, 50 mmol) in THF (100 mL) at �78 °C,
the mixture was kept at �78 °C for 1 h and subsequently

Figure 8 J1/2 versus Vappl �Vbi �Vs for J77:NFA blends. (a) For hole
devices. (b) For electron-only devices. Vappl is the applied voltage, Vbi is
the built-in voltage, and Vs the voltage loss as a consequence of the
series resistance.

Figure 9 Tapping mode AFM (3 µm � 3 µm) height (top row) and
phase (bottom row) images of the J77:NFA blends.
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slowly warmed to room temperature. Then, chlorotriiso-
butylsilane (11.7 g, 50 mmol) was added, and the mixture
was stirred overnight. The mixture was extracted twice
using diethyl ether, and washed with water and brine.
Removal of the solvent by rotary evaporation under reduced
pressure afforded a colorless liquid that was used without
further purification.

4,8-Bis(5-(triisobutylsilyl)thiophen-2-yl)benzo[1,2-
b:4,5-b’]dithiophene (2)

Under argon protection, n-BuLi (12 mL, 2.5 M in hexane)
was slowly added to a solution of compound 1 (8.4 g,
30 mmol) inTHF (30 mL) at 0 °C. Themixturewaskept at 0 °C
for 15 min then warmed to 50 °C and stirred for 2 h. Benzo
[1,2-b:4,5-b]dithiophene-4,8-dione (2.2 g, 10 mmol) was
added quickly, and the mixture stirred for 2 h. After cooling
to the room temperature, SnCl2·2H2O (18 g, 80 mmol) in 10%
HCl (35 mL) was added, and the mixture was stirred for 3 h.
Thenthemixturewasextracted twiceusingdiethyl ether, and
washedwithwater andbrine. The crudeproductwaspurified
by column chromatography using heptane as the eluent to
obtain pure compound 2 as a light yellow solid (4.2 g, 56%
yield). 1HNMR(400 MHz, CDCl3), δ (ppm): 7.59–7.58 (d, 2H),
7.53–7.52 (d, 2 H), 7.46–7.45 (d, 2 H), 7.38–7.37 (d, 2 H),
1.93–1.88(m,6H),0.98–0.92(m,48H).MALDI-TOFMS:calcd.
for C42H62S4Si2: m/z ¼ 750.33; found 750.34.

((2,6-Bis(trimethylstannyl)benzo[1,2-b:4,5-b’]
dithiophene-4,8-diyl)bis(thiophene-5,2-diyl))bis
(triisobutylsilane) (3)

To a solution of 2 (1.50 g, 2 mmol) in THF (20 mL) at�78
°Cwas added n-BuLi (2 mL, 2.5 M in hexane). After addition,
the mixture was kept at �78 °C for 40 min; trimethyltin
chloride (6 mL, 1 M in THF) was added dropwise. The
resulting mixture was stirred for 2 h at room temperature.
Then it was poured into water and extracted with diethyl
ether, washed with water and brine, and after drying over
Mg2SO4, the solvent was removed and the residue was
recrystallized with methanol to afford yellow crystals
(1.62 g, 75% yield) . 1H NMR (400 MHz, CDCl3), δ (ppm):
7.65 (s, 2 H), 7.56–7.55 (d, 2 H), 7.38–7.37 (d, 2 H), 1.96–1.89
(m, 6 H), 0.99–0.93 (m, 48 H), 0.45–0.31 (t, 18 H). MALDI-
TOF MS: calcd. for C48H78S4Si2Sn2: m/z ¼ 1076.98; found
1076.26.

Synthesis of J77

Compounds 3 (269 mg, 0.25 mmol), 4 (175 mg,
0.25 mmol), and dry toluene (10 mL) were added to a

50 mL Schlenk tube. The Schlenk tube was purged with
argon for 20 min and then Pd(PPh3)4 (10 mg) was added.
After another flushing with argon for 20 min, the reaction
mixture was heated to reflux for 12 h. The reaction mixture
was then cooled to room temperature and poured into
MeOH (200 mL) and filtered through a Soxhlet thimble. The
residue was then subjected to Soxhlet extraction with
methanol, hexane, and chloroform. The polymer was
recovered from the chloroform fraction by precipitation
from methanol. The solid was dried under vacuum and
obtained as black solid (278 mg, 92% yield).

Device Fabrication and Characterization

PSCs were fabricated and characterized in a N2-filled
glovebox. Pre-patterned indium tin oxide (ITO)-coated glass
substrates were cleaned in acetone and isopropyl alcohol for
10 min each. After drying, the substrates were coated with
40 nm poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate (PEDOT:PSS) (Heraeus, Clevios P VP.Al 4083) via spin
coating. The active layer was spin-coated in a N2-filled
glovebox. 2,9-Bis[3-(dimethyloxidoamino)propyl]anthra
[2,1,9-def:6,5,10-d’e’f’]diisoquinoline-1,3,8,10(2H,9H)-
tetrone (PDINO, CAS No.: 1558023-86-1) was deposited
atop the active layer as an electrode interlayer via spin
coating from a 1.0 mgmL�1 solution inmethanol. Finally, an
Al top electrode was deposited by thermal evaporation in
vacuum onto the PDINO buffer layer at a pressure of
�5.0 � 10 �7 Pa. The J � V characteristics and EQE spectra
of the PSCs were recorded as described previously.45

Mobility Measurement

The hole and electron mobilities were determined by
fitting the experimental current density–voltage charac-
teristics to the Murgatroyd relation: J ¼ (9/8)ε0εrμ0(V 2/L3)
exp[0.89γ(V/L)1/2], a relation for SCLC method, where εr is
the relative permittivity of the active layer (approximated
to be 3.5), ε0 is the permittivity of the vacuum, μ0 is the
zero-field mobility, L the thickness of the film, and V the
effective voltage, defined as the applied voltage minus the
built-in voltage (Vbi) and the voltage loss due to series
resistance (Vs).
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