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Integrated Molecular, Interfacial, and Device Engineering
towards High-Performance Non-Fullerene Based Organic

Solar Cells

Yue Zang, Chang-Zhi Li, Chu-Chen Chueh, Spencer T. Williams, Wei Jiang,
Zhao-Hui Wang,* Jun-Sheng Yu,* and Alex K.-Y. Jen*

Organic solar cells (OSCs) composed of non-fullerene accep-
tors (denoted as non-fullerene OSCs hereafter) have recently
attracted significant attention because they offer possibilities
to fabricate devices with materials that can be synthesized
easily with versatile functional groups to tune their optical and
electronic properties.' By using non-fullerene acceptors in
devices, it can also avoid the drawbacks of fullerenes, including
the need for tedious purification, limited light absorption, and
chemical and electronic diversities.[]

Among the non-fullerene acceptors exploited so far for
OSCs, naphthalene- and perylene tetracarboxylic diimide (NDI
and PDI)-based derivatives are the most frequently explored
ones due to their simplicity in synthesis, easy-to-tune energy
levels, and relatively high electron mobilities.’) For instance,
the NDI-bithiophene-based copolymer (PNDI2OD-T2) has been
incorporated in bulk-heterojunction (BHJ) devices to exhibit
power conversion efficiencies (PCEs) of over 6%.1% Small PDI
molecule-based BH]J devices have also been shown to reach
PCEs of ca. 4%.''"13] These encouraging results have inspired
vigorous development of non-fullerene acceptors aiming at
improving device performance to be comparable or better than
those derived from their fullerene counterparts.'*2! Although
the efficiency of devices based on small-molecule non-fullerene
acceptors are currently lower than their polymer counterparts,
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they hold the advantages of easier accessibility and purification
that warrants better reproducibility.

In addition to developing suitable non-fullerene organic
semiconductors, the proper selection of matched donor mate-
rials is also very critical for making high-PCE solar cells. There
are several important parameters that need to be simultane-
ously considered to achieve high-performance non-fullerene
OSCs such as: i) suitable frontier energy levels from both donor
and acceptor semiconductors to facilitate effective photocharge
generation, ii) complementary absorption spectra between
the donor—acceptor pair to achieve optimal light harvesting,
and, iii) proper miscibility to form nanoscale phase-separated
morphologies with bicontinuous pathways of donor/acceptor
domains for efficient charge transport and collection. To date,
the most commonly studied donor polymers for non-fullerene
OSCs are poly(3-hexylthiophene) (P3HT) and poly({4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b:4,5-b"|dithiophene-2,6-diyl }{ 3-fluoro-
2-[(2-ethylhexyl)-carbonyl]-thieno[3,4-b]thiophenediyl}) (PTB7)
because they fulfill most of the above-mentioned criteria.l*%-%%!

Recently, pseudo-two-dimensional (2D) conjugated polymers
with alkylthienyl side chains such as PBDTTT-C-T have been
shown to achieve improved morphology and charge transport
in their BHJ blends with PC5;BM, which resulted in enhanced
device performance.?! When it was blended with a simple
bay-linked perylene bisimide (di-PBI), the resulting device also
showed a quite respectable PCE of ca. 3.63%.1”) The improved
polymer chain packing and charge transport from this type of
donor polymer are attractive because most of the non-fullerene
acceptors that have been developed so far lack the 3D charge-
transporting characteristics of fullerenes. Since the absorp-
tion of di-PBI is below 600 nm, it is also possible to further
enhance the PCE of non-fullerene OSCs by introducing narrow
band-gap donor polymers with complementary absorption and
matched energy levels to ensure high current density and open-
circuit voltage.

In this study, we combine molecular, interfacial, and device
engineering to demonstrate highly efficient non-fullerene OSCs
with PCEs of up to ca. 6.0% based on the blends of a bay-linked
di-PBI acceptor (A) with a commercially available pseudo-
2D donor polymer PBDTT-F-TT (Figure 1). PBDTT-F-TT was
selected because of its deeper HOMO and red-shifted absorp-
tion that form a better match with di-PBI compared to those
for PBDTTT-C-T. The inverted device architecture was chosen
because the results from optical modeling show it offers better
optical field distribution and exciton generation. In addition,
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Figure 1. a) The chemical structures, b) normalized absorption in solid film state, and, c) energy-level diagram of PBDTT-F-TT and di-PBI; d) J-V char-
acteristics of the PBDTT-FTT:di-PBI BHJ-based device with inverted structure of ITO (120 nm)/ZnO (30 nm)/BH) (105 nm)/MoOj3 (8 nm)/Ag (100 nm).

the performance of the device can be significantly improved
with a fullerene self-assembled monolayer (PCgBM-SAM)-
modified zinc oxide (ZnO) interlayer to enhance charge extrac-
tion. Finally, non-halogenated solvent was used to demonstrate
the feasibility of fabricating large-area devices with high PCE.

The HOMO energy level of PBDTT-F-TT was estimated
to be around -5.38 eV by cyclic voltammetry (CV; as shown
in Figure 1c), which is lower than that of PBDTTT-C-T. The
low-lying HOMO energy level of PBDTT-F-TT should lead to
higher V¢ for the non-fullerene OSC. The absorption spectra
of PBDTT-F-TT and di-PBI are shown in Figure 1b. Di-PBI
with an intense absorption band between 400 and 600 nm com-
plements well the absorption of PBDTT-F-TT, which has an
intense band between 600-750 nm. The combined absorption
between PBDTT-F-TT and di-PBI covers a broad spectrum that
will benefit the light harvesting of devices.

To investigate the photovoltaic performance of devices made
from di-PBI and PBDTT-F-TT, inverted devices were fabricated
with the configuration ITO/ZnO (ca. 30 nm)/PBDTT-F-TT:di-
PBI/MoO; (8 nm)/Ag (100 nm). The solvent additives 1,8-diio-
dooctane (DIO) and 1-chloronaphthalene (CN) were explored to
ensure the BH]J layer has optimal morphology.?*=3% As shown
in Figure S1 and Table S1 (see the Supporting Information, SI)
for the exemplified PBDTT-F-TT:di-PBI BH]J, the photovoltaic
properties can be significantly improved by using binary addi-
tives with 1.0% DIO and 2.0% CN in ortho-dichorobenzene (o-
DCB) (v/v). The enhanced short circuit current density (Jsc)
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and fill factor (FF) suggest that these additives help optimize
BH]J morphology.

The bright-field transmission electron microscopy (TEM)
images shown in Figure S2 (see the SI) indicate that the thin
film of PBDTT-F-TT:di-PBI processed with binary additives
exhibits distinctly enhanced phase separation with well-con-
nected polymer and di-PBI domains. The STEM EDS analysis
demonstrates that compositional difference contributes to the
contrast we observe (Figure S2c). It indicates that areas of dark
contrast in the bright-field images are polymer rich and areas
of bright contrast are rich in di-PBI. The significant increase in
contrast upon the addition of additives indicates more dramatic
phase segregation. This morphology change may facilitate effi-
cient charge dissociation and transport.?2l These optimized
conditions are employed for further device studies of the
PBDTT-F-TT:di-PBI BHJ.

The current density—voltage (J-V) characteristics of the
inverted devices under illumination are shown in Figure 1d.
Voc, Jsc, FF, and PCE data obtained from the J-V curves are
summarized in Table 1. The PBDTT-F-TT:di-PBI-based BH]
further increases the PCE to (5.28 + 0.03)% with a V¢ of
0.80 = 0.01 V, a Jsc of 11.68 + 0.17 mA cm?, and a FF of
0.55 £ 0.01. These device performances were significantly
improved compared with the previously reported value (3.63%)
for PBDTTT-C-T:di-PBl-based devices. The devices with
PBDTT-F-TT as donor have a significantly higher V¢ (0.80 V)
than the devices with PBDTTT-C-T (0.72 V), which is consistent
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Table 1. Comparison of performance parameters of the conventional and inverted structure devices based on PBDTT-F-TT:di-PBI BH).

Device Voc Jsc FF PCE Gimean? R Re Js n
I\ [mA cm™2] [%]2) [Q cm?) [kQ cm?] [mA cm™2]

Conventional 0.76 £0.01 10.22£0.39 0.51+£0.01 4.21(4.04) 2.7% - - - -

Inverted 0.80£0.01 11.68+£0.17 0.55+0.01 5.31(5.28) 1.1% 0.74 29.40 2.20% 1078 1.66

Inverted (SAM) 0.80+0.01 11.98 £0.34 0.59£0.01 5.90(5.73) 2.1% 1.69 49.88 3.44x107° 1.50

2 Average PCE in brackets; P Error values represent the standard deviation of the mean of 8 devices.

with its deeper HOMO energy level. The higher Jsc and FF may
derive from better light harvesting and balanced charge dissoci-
ation and transport enabled by the enhanced phase separation.

We found that device configuration (shown in Figure 2a)
has great influence on the overall performance of the PBDTT-
F-TT:di-PBI-based devices. Figure S3a (see the SI) and Table 1
showed that the average PCE of the inverted device
((5-28 £ 0.03)%) is much higher than that of the conventional
one ((4.04 £ 0.07)%). All parameters are improved in the
inverted configuration, especially the Jsc which is evident in the
external quantum efficiencies (EQEs) shown in Figure 2b. The
EQE curves reveal that the inverted device has superior light
conversion in the region between 500 and 800 nm compared
to that of the conventional device (Figure 1b). It is worth noting
that the peak value of over 50% at around 500 nm is among
the highest EQE reported for non-fullerene OSCs. The surface
morphology of the PBDTT-F-TT:di-PBI BH] was examined by
atomic force microscopy (AFM; Figure S4). It was found that
the optimized morphology on PEDOT:PSS (in the conventional
configuration) or ZnO (in the inverted configuration) is very
similar and shows comparable root-mean-square (RMS) sur-
face roughness (3.03 and 3.81 nm for PEDOT:PSS/BH]J and

(a)

Conventional Vs. Inverted structure

PBDTT-F-TT:di-PBI PBDTT-F-TT:di-PBI

(c)
om rate (8"'cm “nm ), Jsc = 14.4725 makm *

10 ! s
20
2

iw
3w

Conve

600 600
‘Wavelength fim)

ZnO/BH], respectively). This result excludes the possible con-
tribution from BHJ morphology on the divergent performance
under different device configuration.

The light-harvesting properties of BHJ in different device
architectures is another dominant factor that governs the
exciton generation of devices. For instance, the light-absorbing
intensity of the BHJ films is influenced by the refractive index
of the each layer in the device due to the interference effect.
To evaluate the optical profiles of different device geometries,
optical modeling based on the transfer matrix method (TMM)
was used to calculate the interference of reflected and trans-
mitted light at each interface of the device.B!] All the needed
optical constants for simulation were measured by spectro-
scopic ellipsometry and the resultant wavelength-dependent
complex index of refraction (n + ik) of each material is pre-
sented in Figure S5 (see the SI). The simulated fractions of
light absorbed by BH] layers in both conventional and inverted
device structures are plotted in Figure 2b. The results show
that the inverted device has a more intense absorption fraction
than the conventional one due to different sequence and optical
properties of each composing interlayer, which is consistent
with the enhanced EQE. It demonstrates that better light
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Figure 2. a) Schematic illustration of the studied device configurations, b) EQE spectra and calculated fraction of absorbed light intensity, and,
c,d) calculated wavelength dependence of exciton generation rate of PBDTT-F-TT:di-PBI BH] devices in conventional (ITO (120)/PEDOT:PSS (30 nm)/
BH) (105 nm)/Ca (20 nm)/Al (100 nm)) and inverted (ITO (120 nm)/ZnO (30 nm)/BHJ (105 nm)/MoQ; (8 nm)/Ag (100 nm)) structures.
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absorption in the inverted device contributes to its superior per-
formance to the conventional one.

In addition to light harvesting, the distribution of photogen-
erated excitons in different device structures also has great
influence on charge transport and collection. The spatial dis-
tribution of exciton generation in the photoactive layer is simu-
lated and illustrated in Figures 2c—d, and S3b. Due to the higher
fraction of absorbed light, the inverted device shows higher
exciton generation than the conventional device. Notably, the
generated excitons in the inverted device are broadly distributed
with a peak centered at the BH]J layer, while the excitons in the
conventional device are more concentrated near the ITO anode
with their peak much farther away from the cathode. This sug-
gests that more balanced charge transport can be achieved in
the inverted device.

Based on this finding, the carrier mobility of the BH]J
layer was measured using the space charge-limited current
(SCLC) technique (Figure S6 in the SI). The estimated elec-
tron mobility (u.) from the J-V curve characteristics for the
electron-only device is around 3.32 x 10~ cm? V™! 571, which
is 3 orders of magnitude lower than that for hole mobility (, =
4.36 x 102 cm? V7! s71). The shifted exciton generation profile
towards the cathode in the inverted devices compensates for
the poor electron mobility in the BHJ, which reduces charge
recombination. Therefore, it can be concluded from Dboth
optical modeling and SCLC results that better optical distribu-
tion in the inverted device contributes to the increased Jsc and
FF compared to the conventional device.
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With the abovementioned results in hand, we focus
on optimizing the interface of inverted devices to further
improve their performance. Previously, we have demon-
strated that Cg-SAM can be used to modify the ZnO elec-
tron selective layer to achieve more than 25% improvement
of PCE in P3HT:PC¢;BM BH]J-based inverted device.??! Such
a thin SAM layer not only passivates the charge-trapping
hydroxyl groups on ZnO, but also facilitates the charge col-
lection from BHJ to electrode. Based on this, we have modi-
fied the ZnO surface with PCy;BM-SAM to further enhance
device efficiency.

The J-V characteristics of inverted devices without and with
PCqBM-SAM under light illumination and in the dark are
compared in Figure 3a and b. Very encouragingly, the average
PCE of the SAM-modified device could be further increased
from (5.28 + 0.03)% to (5.73 + 0.17)% (PCE,a, of 5.90%). The
enhancement is mainly due to increased FF (from 0.55 to 0.59)
and Jsc (from 11.68 to 11.93 mA cm’l; Figure S7 in the SI).
Meanwhile, the standard deviation of the mean (Gyeay) is very
small for 8 devices, as shown in Table 1. These results dem-
onstrate the good reproducibility of these non-fullerene based
devices. To understand the mechanism for the enhancement by
SAM modification, we modeled the dark J-V characteristics of
the corresponding devices with the Shockley diode equation:

_ V- JR;A _ V- JRsA
JDark_]S{eXp[ nkT | q ] 1}+ Ry,A M

(b) 10

1 PBDTT-F-TT:di-PBI
10F = zn0

e —#— ZnO/PC, BM-SAM
< 10
<
E
> 10
3 b
o 10
©
g 10°
S 10

10-5 1 1 1 1 1 1 1
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(d) ® ZnO
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o5b . L
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Figure 3. J-V characteristics: a) under illumination, and, b) in the dark; and, light-intensity dependence of: c) Jsc, and, d) Voc of PBDTT-F-TT:di-
PBI BHJ-based inverted structure devices without and with PC¢;BM-SAM modification: ITO (120 nm)/ZnO (30 nm)/PC¢BM-SAM (w/o or w)/BH]

(105 nm)/MoOs (8 nm)/Ag (100 nm).
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where g is the electron charge, k is Boltz- (a) 2 ‘ (b) 60
mann's constant, and T is the temperature. 0 y Y
The relevant diode parameters, including T 2 PBOTT-FTTdLPBI 55| / \
series resistance (Rs), shunt resistance 3 1 —e-%omm di ()
(Rp), reverse saturation current density (Js), § . 4-1350m e € 5ol e
and ideal factor (n), are summarized in G g '
Table 1. Both the increased Rp (from 29.40to & 8 o 80%
49.88kQcm?)anddecreased Jg (from2.20x1078 E; Aor ak 45F  —@=PBDTT-F-TT:di-PBI BHJ L4
to 3.44 X 10° mA cm™) of the devices affirm 3 -12 ;ﬁywﬂz
that the PCq;BM-SAM effectively enhances 14 . . . . 40 . . . .
202 00 04 06 08 10 80 100 120 140 160 180

electron selectivity and reduces charge
recombination losses at the interface between
the ZnO and BH] layers.

It is well known that the dependence of
J-V characteristics on light intensity (Py) can
provide useful information on the recombi-
nation loss of devices and this has been widely used to describe
the monomolecular and/or bimolecular recombination.34
Monomolecular recombination refers to any first-order process
including the geminate recombination of a bound electron—
hole pair before dissociation and the Shockley-Read-Hall (SRH)
recombination through the shallow traps created by interfacial
defects and/or impurities in materials. Bimolecular recombina-
tion refers to the recombination of free electrons and holes in
the BH]J layer.

Since the generated excitons will be swept out prior to recom-
bination under short-circuit condition, bimolecular recombina-
tion can be considered negligible. This will result in a linear
dependence of Jsc on the light intensity with a slope close to 1.
Figure 3c shows the dependence of Jsc on light intensity of the
studied devices, in which the fitted slope (S) by the power law
is 0.91 and 0.93 for the devices without and with PCs;BM-SAM
modification, respectively. This result shows the SAM-modified
interface not only reduces bimolecular recombination in BHJ,
but also mitigates recombination loss at the BH]J/electrode
interface.

Figure 3d shows the relationship between Vo and light
intensity of the studied devices without and with PCq;BM-SAM
modification. In principle, the slope of V¢ versus In(P,) will be
equal to kT/q if bimolecular recombination is dominant.?3 In
the case of trap-assisted SRH recombination, a stronger depend-
ence of Vpc on the light intensity will show a slope of 2kT/q.
Notably, the device without SAM modification possesses a strong
Voc dependence on light intensity with a slope of 1.46 kT/q
at low light intensities while the device with SAM modification
shows a unique slope of 1.10 kT/q throughout the entire range
of light intensity. This result indicates that traps from the ZnO
surface contribute to monomolecular SRH recombination at
low light intensities (1 to 10 mW c¢m?) while the SAM-modified
ZnO does not encounter such losses. All these results affirm
that the insertion of a PCq;BM-SAM layer between ZnO and
the organic BH]J layer effectively passivates the inorganic sur-
face trap states to suppress interfacial trap-assisted recombina-
tion, leading to an improved shunt resistance as well as device
performance.

From a practical application point of view, the ability to form
a thicker BH]J layer in OPV processing is very critical not only
for light harvesting but also for fabricating large-area device
with smooth and pin-hole-free organic films. To address this

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) J-V characteristics of PBDTT-F-TT:di-PBl-based inverted structure devices with
different active layer thicknesses; and, b) thickness dependence of PCE in PBDTT-F-TT:di-PBI-
based non-fullerene OSCs.

issue, we studied the effect of non-fullerene BH]J thickness on
device performance. The performance of inverted devices with
varied BH]J thickness is shown in Figures 4 and S8 (see the SI),
and the related parameters are summarized in Table S2.

As shown, the optimized efficiency ((5.73 % 0.17)%) of
PBDTT-F-TT:di-PBI BH]J could be achieved with a BH] thick-
ness of ca. 105 nm. The Jsc of the device rose as the thickness
of BH]J increases from 105 to 170 nm. However, the overall
PCE decreased due to reduced FF, probably due to poor elec-
tron mobility of the BHJ. However, the PBDTT-F-TT:di-PBI
device maintained ca. 80% of its PCE value as the BH] thick-
ness increased from 105 to 170 nm, which suggests that the
2D PBDTT-F-TT can sustain a thicker BHJ layer for efficient
charge transport and collection. Finally, an average PCE of
(4.47 £ 0.07)% can be achieved in devices with a 170 nm thick
BHJ layer, which is among the best results reported for non-
fullerene OSCs.

Another challenge for applying OSC inks in roll-to-roll
printing is the usage of halogenated aromatic solvents (e.g.,
chlorobenzene (CB) or o-dichlorobenzene (0-DCB)), which are
harmful and not environmentally friendly.?>3¢! To alleviate
this problem, we employed non-halogenated solvents such as
toluene or xylene to fabricate non-fullerene OSC devices. The
processing of polymer/fullerene based devices has been signifi-
cantly hindered by the poor solubility of fullerenes in non-halo-
genated solvents, which tends to lower device efficiency due to
severe phase separation within the BH]J films.

Due to the better solubility and processability of non-fullerene
OSCs in non-halogenated solvents, device processing is facili-
tated. As shown in Figure S9 and summarized in Table S3
(see the SI), the performance of PBDTT-F-TT:di-PBI BHJ-based
devices processed from o-xylene showed a quite high PCE of
ca. 5.20%, which is comparable to that obtained using 0-DCB.
More importantly, the additive seems to have marginal effect
on devices processed from non-halogenated solvents, which
further testifies to the advantage of using non-fullerene accep-
tors for large-scale manufacturing.

In summary, we have demonstrated a high-performance
non-fullerene solar cell (with PCE as high as ca. 6%) by using
a pseudo-2D conjugated polymer donor and a di-PBI acceptor.
In addition to molecular engineering the donor/acceptor pair
to obtain complementary absorption and matched frontier
energy levels in BHJ, comprehensive device and interface
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engineering have resulted in higher device efficiency by using
an inverted device configuration with a SAM-modified ZnO
interface. Optical modeling using transfer matrix formalism
reveals that the better optical field distribution and exciton gen-
eration achieved in inverted device plays an important role in
enhancing device performance. Moreover, the SAM modifica-
tion on ZnO was found to prevent trap-assisted recombination
at the interface to further enhance device performance. High
PCEs were also demonstrated for devices with a thicker BH]J
layer (170 nm) and devices fabricated with non-halogenated
solvents. These parameters are very important for large-area
device fabrication. These combined molecular, interfacial, and
device engineering of non-fullerene solar cells provide valuable
insights on designing novel materials and devices for efficient
organic electronics.

Experimental Section

Device Fabrication: OSCs were fabricated using ITO-coated glass
substrates (15 Q sq7'), which were cleaned with detergent, de-ionized
water, acetone, and isopropyl alcohol in successive 10 min sonication
steps applying a final 20 s oxygen plasma treatment to eliminate any
remaining organic component. In the conventional structure devices,
a thin layer (ca. 30 nm) of PEDOT:PSS (Baytron P VP Al 4083, filtered
at 0.45 pm) was first spin-coated on the pre-cleaned ITO-coated
glass substrates at 5000 rpm and baked at 140 °C for 10 min under
ambient conditions. The substrates were then transferred into a
nitrogen-filled glovebox. Subsequently, the PBDTT-F-TT:di-PBI active
layer was spin-coated on the PEDOT:PSS layer from a homogeneous
solution. The solution was prepared by dissolving the PBDTT-F-TT
and di-PBI with a weight ratio of 1:1 in 0-DCB overnight and filtering
through a PTFE (polytetrafluoroethylene) filter (0.2 pm). Binary solvent
additives, 1,8-diiodooctane and 1-chloronaphthalene (DIO and CN),
were used to improve the BH] morphology. At the final stage, the
substrates were pumped down in high vacuum (<2 x 107 Torr), and
calcium (20 nm) topped with aluminium (100 nm) was thermally
evaporated onto the active layer. For inverted device fabrication,
a thin layer of sol-gel ZnO (ca. 30 nm) was spin-coated onto pre-
cleaned ITO-coated glass substrates at 4000 rpm and then annealed
at 200 °C for 1 h in air. The ZnO precursor solution was prepared by
dissolving zinc acetate dehydrate C4H¢O,Zn-2(H,0) (99.5%, Merck
1 g) and monoethanolamine (HOCH,CH,NH,, 98% Acros, 0.28 g) in
2-methoxyethanol (CH;OCH,CH,OH, Aldrich, 98%, 10 mL) under
stirring for 8 h for hydrolysis reaction and aging. PCsBM-SAM was
deposited on the ZnO surface using a two-step spinning process.?®l
The same process used for active layer in the conventional structure
devices was also used for the inverted devices. For halogen-free devices,
o-xylene, and 1-methylnaphthalene (Me-naph) were used as solvent
and additive to prepare the active layer. After that, an 8 nm thick MoO3
film and 100 nm Ag were deposited to complete the inverted device
structure. Shadow masks were used to define the OSC active area
(3.14 X 1072 cm?) of the devices.

Device Characterization: The current density—voltage (J-V) characteristics
of unencapsulated photovoltaic devices were measured under N, using a
Keithley 2400 source meter. A 300 W xenon arc solar simulator (Oriel) with
an AM 1.5 global filter operated at 100 mW cm™ was used to simulate
the AM 1.5G solar irradiation. The illumination intensity was corrected by
using a silicon photodiode with a protective KG5 filter calibrated by the
National Renewable Energy Laboratory (NREL). The EQE system uses a
lock-in amplifier (Stanford Research Systems SR830) to record the short-
circuit current under chopped monochromatic light.

SCLC Mobility Measurements: Space charge-limited currents were
tested in electron-only devices with a configuration of glass/Al/PBDTT-
F-TT:di-PBI/Ca/Al and hole-only devices with a configuration of ITO/
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PEDOT:PSS/PBDTT-F-TT:di-PBI/M0oO3/Ag. The devices were prepared
following the same procedure described in the experimental section for
photovoltaic devices, except for the metal electrode. The mobilities were
determined by fitting the dark current to the model of a single carrier
SCLC current with field dependent mobility, which is described as

2
J= 2k e Y | @

812

Where J is the current, g is the zero-field mobility, & is the
permittivity of free space, &, is the relative permittivity of the material, V
is the effective voltage, and L is the thickness of the active layer.

TEM Characterization: BH|s for TEM analysis were prepared via
the same method discussed above for the conventional architecture
excluding the deposition of the electrode. These uncompleted devices
were carefully immersed into water to dissolve the PEDOT:PSS layer,
leaving the bare BH] floating on the water surface. This film was then
mounted on a copper TEM grid without a carbon support film. Bright-
field images were acquired with a Tecnai G2 F20 TEM at 120 kV with
the use of an objective aperture and a CCD camera detector. STEM EDS
measurements were conducted with a HAADF detector at 120 kV.
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