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ABSTRACT: We report the use of two solution-processable triindoles,
triazatruxene (TAT), and N-trimethyltriindole (TMTI), as hole selective
materials in organic solar cells. The unique optical and electronic properties of
these molecules make them suitable as a hole extracting/electron blocking
layer, i.e. transparency in the visible region due to a wide bandgap, high LUMO
(lowest unoccupied molecular orbital) energy level, modest HOMO (highest
occupied molecular orbital) level, and high hole carrier mobility. TAT is shown
to have a LUMO at −1.68 eV, a HOMO at −5.03 eV, and a bandgap of 3.35
eV, whereas TMTI has a LUMO at −2.05 eV, a HOMO at −5.1 eV, and a
bandgap of 3.05 eV, obtained from cyclic voltammetry measurements and
absorption spectroscopy. Planar heterojunction photovoltaic devices, consisting
of a solution processed transparent TAT (or TMTI) layer and a vapor-
deposited C60 layer, exhibited efficiencies of up to 0.71 % (or 0.87 %). In these
bilayer devices, the excitons are primarily generated in the C60 layer and undergo dissociation in the interfaces via hole transfer
from the C60 layer to the TAT (or TMTI) layer. Additionally, spin-casting methanol solution of TAT on the top of
P3HT:PCBM bulk heterojunction in an inverted device produced a hole selective interfacial layer between the photoactive layer
and anode, leading to a 26% efficiency increase as compared to a control device without the TAT layer.
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■ INTRODUCTION
Organic solar cells (OSCs), as promising low-cost solar energy
conversion systems, have experienced significant development
in recent decades with the power conversion efficiency
increasing from ∼1% to more than 8%.1−11 This impressive
progress has primarily relied on the development of functional
materials, device architectures, and morphology control. Of
particular interest in the field of organic solar cells is the
development of new photoactive materials from small molecule
organic semiconductors to conjugated polymers.12−20 More
recently, interface materials have attracted great attention due
to the need for highly efficient and stable OSC devices and
modules.21−58

As a critical component of OSCs located between the
photoactive layer and electrodes, a desired interfacial layer
should demonstrate a number of functions, i.e., the ability to
(1) improve the compatibility of the electrodes and organic
active layers, (2) adjust the energy barriers for efficient charge
extraction, (3) form a selective contact for one kind of carrier,
(4) prevent chemical or physical interactions between the
electrodes and photoactive layers, and (5) act as an optical
spacer.21,22 Significant amounts of p- and n- type interface
materials have been investigated, including metal oxides,
graphene oxides, salts, self assembled organic monolayers and
doped conductive polymers.23−58 Among these, poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-

DOT:PSS) has been one of the most commonly used
interlayers on hole-collection electrodes, providing a smooth
anode surface, reducing the leakage current, and enhancing
device stability compared to a bare electrode.23 However, it is
not an ideal hole selective layer because of several issues, such
as its intrinsic acidity and hygroscopicity imposing significant
problems in device stability and degradation, and its low
LUMO level and bandgap, resulting in weak electron blocking
and strong exciton quenching. To replace the problematic
PEDOT:PSS, researchers have identified various hole selective
materials for OSCs with improved device performance, which
include metal oxides, such as nickel oxide (NiOx),24

molybdenum oxide (MoO3),
25 and vanadium oxide (V2O5),

26

as well as organic semiconductors such as tris[4-(5-phenyl-
thiophen-2-yl)phenyl]amine (TPTPA),27 4,4′,4″-tris[N-(3-
methylphenyl)-N-phenylamino]triphenylamine (MTDATA),28

and dithiapyrannylidenes (DITPY).29 High vacuum processing
has been the method of deposition for most of these materials,
which is generally believed to be less cost-efficient than solution
processing. To our best knowledge, little has been reported on
OSCs with solution processed p-type organic interface
materials, especially with small molecules.30,31
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Herein, we report our studies on two p-type triindoles,
triazatruxene (TAT), and N-trimethyltriindole (TMTI), as
solution processable hole selective materials for use in OSCs
with bilayer and inverted structures. Owing to their unique
discotic π-extended aromatic structure, these C3 symmetric
fused carbazole trimers and their derivatives possess attractive
physical and electronic properties for organic electronic devices,
e.g. liquid crystallinity, strong fluorescence, and high carrier
mobility.59−70 In addition to these properties, our investigation
of TAT and TMTI as hole selective materials is also motivated
by their facile preparation, high solubility, electrode compati-
bility, wide bandgap with good transparency in the visible
region, high LUMO (lowest unoccupied molecular orbital)
energy level, and modest HOMO (highest occupied molecular
orbital) level.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. Triazatruxene(TAT) and N-

trimethyltriindole(TMTI) were synthesized and purified following the
procedures reported in the literature.71 Detailed synthesis and
characterization information can be found in the Supporting
Information. Pre-patterned ITO-coated glass substrates were pur-
chased from Thin Film Devices Inc. Poly(3-hexylthiophene) (P3HT)
was purchased from Rieke Metals, Inc. Phenyl-C61-butyric acid methyl
ester (PCBM) was purchased from Nano-C Inc. Sublimed grade C60
and Bathocuproine (BCP) were purchased from Aldrich. PEDOT:PSS
(Baytron PH 500) was purchased from H.C. Starck.
Thin film absorption was measured with a CARY 5000 UV-Vis-NIR

spectrophotometer. The thickness of these films was determined with
a Dektak 150 profilometer. Atomic force microscopy (AFM) images
were taken on a Veeco Nanoscope V scanning probe microscope in
tapping-mode. Cyclic voltammetry was performed with a Solartron
1285 potentiostat with a scan rate of 100 mV s−1, wherein a platinum
wire acts as the counter electrode, glassy carbon as the working
electrode, a silver wire acts as the reference electrode. Samples were
prepared in dichloromethane solution with 0.1M tetrabutylammo-
niumhexafluorophosphate as the electrolyte, and ferrocene was used as
an internal standard. Density functional theory (DFT) calculations
were performed with the Spartan’08 software package using the
B3LYP hybrid functional and the 6-31*G basis set to investigate the
electronic properties of the materials. The orbital energy levels in
vacuum, minimum energy conformations, and electron density plots
are recorded.
Device Fabrication and Testing. Photovoltaic devices were

fabricated in both the conventional and inverted device configuration.
Simple planar heterojunction (bilayer) solar cells were fabricated with
a device structure of ITO/PEDOT:PSS (40 nm)/ TAT or TMTI (∼3
nm)/ C60 (32 nm)/ BCP (8 nm)/ Ag (100 nm). ITO-coated glass
substrates (15 Ω sq−1) were cleaned with detergent, deionized water,
acetone, and isopropyl alcohol then dried in an oven at 140 °C for 10
min. Substrates were then treated with UV-ozone for 10 min and
coated with PEDOT:PSS with a spin speed of 4000 rpm. The
substrates were then baked at 140°C for 20 min to remove the solvent
and transferred into the glove box for the remaining processing steps.
TAT and TMTI films were spun from a 4 mg/mL solution in
methanol and dichlorobenzene, respectively. The thickness of these
films was determined with a Dektak 150 profilometer. Both solutions
were filtered with a 0.45 μm polytetrafluorethylene filter prior to spin
coating at 2000 rpm for 40 sec. C60, BCP, and Ag were thermally
evaporated under high vacuum (∼2 × 10−6 mbar) at a rate of 1.5 Å
s−1, 1.5 Å s−1, and 4 Å s−1, respectively. The devices were subsequently
annealed at 120 °C for 10 min.
For inverted devices, titania coated ITO films were prepared. First,

ITO substrates were cleaned following the method described above.
The titania solution was prepared by mixing 200 ml absolute ethanol
(Aldrich) with 5 ml ultrapure water and 2 ml concentrated HCl
(37.5%). We then mixed titanium ethoxide with this solution in 1:8
ratio. The aforementioned solution of titanium ethoxide diluted in

ethanol/water/HCl was spun onto ITO at 2000 rpm to give a film of
∼70 nm. The films were annealed at 450 °C for 2 h to promote the
growth of the anatase crystalline phase (see the Supporting
Information). These films were then cleaned in the solvents
mentioned above before being UV-ozoned cleaned again for 10 min.
The active layer was spun from a 20 mg mL−1 solution of
P3HT:PCBM (1:.6 wt %) in dichlorobenzene at 1000 rpm for 60 s
in a nitrogen-filled glovebox. The TAT electron blocking layer was
spun from a 2 mg/mL solution (in methanol) at 2000 rpm for 40 s. All
solutions were passed through a 0.45 μm polytetrafluorethylene filter
prior to spin coating. The thicknesses of all films were determined with
a Dektak 150 profilometer. Subsequently, Au (50 nm) was thermally
evaporated under high vacuum (∼ 2 × 10−6 mbar) at a rate of 2 Å s−1.

All devices were tested at room temperature in a nitrogen
environment under AM 1.5G solar illumination at 100 mW cm−2 (1
sun) using a Thermal-Oriel 300W solar simulator with filter and a
Keithley 236 source-measure unit for current density-voltage curves.
External quantum efficiency (EQE) was measured with a mono-
chromator and calibrated with a silicon diode.

■ RESULTS AND DISCUSSION
Physical Properties. UV−Vis−NIR spectroscopy was used

to evaluate the absorption of the solution processed thin films
of TAT and TMTI as shown in Figure 1a. The absorption was

observed mainly in the ultraviolet (UV) region for both films,
suggesting high optical bandgaps with excellent transparency in
the visible region. Based on the absorption edges, we estimated
the optical bandgaps to be ∼3.35 eV for TAT and ∼3.05 eV for
TMTI respectively. Cyclic voltammetry was used to determine
the redox properties and then the energy levels of TAT and
TMTI. The first oxidation potentials were observed at ∼0.23

Figure 1. (a) Absorption spectra of solution processed thin films of
TAT and TMTI, and vapor deposited C60 film, the inset shows orbital
energy levels in vacuum, minimum energy conformations, and electron
density plots by DFT calculations; (b) cyclic voltammetry curves of
TAT and TMTI in dichloromethane solution with ferrocene as
internal reference.
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and ∼0.30 V (vs. ferrocene, −4.8 eV with respect to zero
vacuum level)72 for TAT and TMTI respectively (Figure 1b),
which correspond to HOMO levels of −5.03 and −5.1 eV. No
reduction peaks were observed within the scan range,
consistent with their electron rich nature. The LUMO levels
were estimated based on the bandgaps and HOMO levels,
which yielded values of −1.68 and −2.05 eV for TAT and
TMTI, respectively. Figure 2 shows the schematic energy levels
of these molecules together with others materials used in our
study.73 Both TAT and TMTI have high LUMO levels,
allowing for efficient electron blocking, while the HOMO levels
provide suitable energy levels for hole transfer. DFT
calculations were also performed with results shown in the
inset of Figure 1a, exhibiting good agreement with the
experimental results. According to the energy level alignment
in Figure 2, not much of an energetic barrier is expected for
hole transfer between these molecules and the electrode.
Thin film topology was characterized by atomic force

microscopy (AFM). Figure 3 shows the AFM images for the
solution processed thin films on top of PEDOT:PSS before and
after thermal annealing at 120 °C for 10 minutes. It was found
that both molecules could form continuous films via solution
processing, with a root-mean-square (rms) roughness of ∼1.3
nm for TAT and ∼0.4 nm for TMTI. The TAT film showed
more crystalline features than TMTI,74 which is likely due to
the flatter molecular shape of TAT resulting in stronger
intermolecular π−π interactions. (see the Supporting Informa-
tion) Thermal annealing at 120 °C for 10 min was found to
have little-to-no impact on the surface roughness, which
prevented the device breakdown by film cracking. Hole carrier
mobility of TAT and TMTI films was evaluated by space-
charge-limited-current (SCLC) measurements (see Supporting
Information), which yielded values of ∼1 × 10−4 to 1 × 10−3

cm2 V−1 s−1 for both films, enough for efficient hole transport
in organic solar cells.
Bilayer Solar Cells. We have tested the hole extracting/

electron blocking capability of TAT and TMTI in devices with

a simple planar heterojunction architecture, ITO/PE-
DOT:PSS/TAT (or TMTI)/ C60 (32 nm)/ BCP (8 nm)/
Ag (100 nm) as shown in Figure 2. A device without the TAT
(or TMTI) layer was fabricated as a control. PEDOT:PSS was
used in our devices to enable better film uniformity across the
ITO substrates. Spin-casting a TAT layer on the top of bare
ITO without the PEDOT:PSS layer yielded fewworking devices
due to the non-uniform coverage, although those working ones
showed similar efficiency as compared to those with
PEDOT:PSS (see the Supporting Information). Because of
its weak absorption in the visible region (Figure 1a), light
harvesting and exciton generation in the TAT (or TMTI) layer
is very limited. In the other words, all the bilayer devices tested

Figure 2. Chemical structures and energy levels of materials used in this study; schematic device structures of bilayer and inverted devices.

Figure 3. Tapping mode AFM topographical images of solution-
processed (a, b) TAT and (c, d) TMTI on top of PEDOT:PSS (a, c)
before and (b, d) after thermal annealing at 120 °C for 10 minutes.
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here were expected to have excitons generated mainly in the
C60 layer and undergo charge separation at the interfaces via
hole transfer, instead of electron transfer occurring in typical
planar heterojunction devices with excitons generated in the
electron donor layer as shown in Figure 4.75

Figure 5 shows the device characteristics for the as-cast
devices under AM 1.5 G simulated solar illumination with an
intensity of 100 mW cm−2, with values listed in Table 1. The
similar shape of the EQE spectra for all three devices confirms
that excitons are generated in the C60 layer, provided that the
control device has C60 as the sole photoactive layer. It is found
that all the device characteristics were enhanced significantly
with the addition of a TAT (or TMTI) layer. For instance,
power conversion efficiency (PCE) improved from 0.12% to
0.65%; and the external quantum efficiency (EQE) at 450 nm
improved from ∼12% to greater than 25%. These dramatic
improvements were mainly attributed to the superior hole
extracting and electron/exciton blocking capabilities of the
TAT (or TMTI) layer. First, the large energy gap between the
HOMO levels of TAT (or TMTI) at ∼5.1 eV and C60 at ∼6.2
eV allowed for efficient hole extraction. Secondly, the extremely
high LUMO levels (−1.68 eV for TAT and −2.05 eV for
TMTI) can easily block electrons from C60 which has a
LUMO level of −4.5 eV. This blocking effect is also evidenced
by the reduced dark current upon the addition of this TAT (or
TMTI) layer as shown in Figure 5b. Thirdly, the hole mobility
of the TAT (or TMTI) layer is comparable with the electron
mobility of the C60 layer, which ensured sufficient hole/
electron balance with reduced charge recombination. Lastly, the
high bandgap of TAT (or TMTI) also leads to exciton blocking
capability that prevents excitons leakage to the anode.
Further efficiency enhancement has been realized by thermal

annealing (see the Supporting Information). Table 1
summarizes the device characteristics of all these devices
before and after thermal annealing at 120 °C for 10 min. This
improvement is likely attributed to the improved interfaces for
better charge separation and reduced charge recombination.
The overall efficiency is still much lower than that of state-of-
the-art planar heterojunction devices, mainly due to the weak
light harvesting capability of the overall device. Nonetheless, a
new type of “hole only” device is well presented here, wherein
the solar light is mainly harvested by the electron acceptor (or
hole donor) layer and efficient exciton dissociation occurs at
the interfaces via hole transfer through HOMO levels.
Inverted Solar Cells. We have also investigated the

application of TAT as an interfacial layer in inverted solar
cells, wherein a typical P3HT:PCBM blend acts as the
photoactive layer. The good solubility of TAT in methanol
allowed for subsequent deposition of multilayers using

orthogonal solvents. Specifically, an inverted solar cell with
the structure of ITO/TiO2 (70 nm)/P3HT:PCBM (100 nm)/
TAT (< 5 nm)/Au (50 nm) was fabricated, wherein the
P3HT:PCBM layer was spun cast in chlorobenzene solution
and TAT in methanol solution. The thickness of the TAT layer
was controlled by the solution concentration. The best
performing device was manufactured by spin-coating a solution
of TAT in methanol (2 mg/mL) at 2000 rpm for 40 s. A
control device without TAT was built for comparison and the
results are displayed in Table 1. It can be found that the
addition of the TAT interfacial layer increases the short circuit
current from 6.44 to 8.04 mA cm−2 by selectively extracting
holes and blocking electrons at the Au electrode. This behavior
is consistent with a slight rise in Voc, as a result of the decreased
recombination.76 There was not a significant change to the fill
factor because such a thin layer of TAT did not substantially
affect the ohmicity of the P3HT/Au junction. Overall, the
power conversion efficiency increases from 1.06% to 1.34%, a
26% increase. This behavior is again illustrated in the EQE
spectrum where the rise is shown mainly from 500−600 nm,

Figure 4. Two types of charge separation in the bilayer donor/
acceptor interfaces.

Figure 5. (a) Current density−voltage (J−V) characteristics of bilayer
devices with and without TAT or TMTI layer under light, (b) J−V
curves of those devices under dark, (c) EQE spectra for those devices.
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where P3HT:PCBM absorption dominates. Overall, the

additional current is not from the light harvesting of TAT,

but from improved charge selection in the anode.

■ CONCLUSION
In summary, we have synthesized, characterized, and evaluated
two solution processable, transparent, organic hole-selective
materials, triazatruxene (TAT) and N-trimethyltriindole
(TMTI). Their excellent hole extracting and transporting, as
well as electron and exciton blocking capabilities were clearly
demonstrated in organic solar cells with significantly enhanced
device performance. For instance, the insertion of a hole
selective layer between PEDOT:PSS and C60 layers in “hole
only” planar heterojunction devices increased the power
conversion efficiency from 0.16 to 0.71% for TAT and 0.87%
for TMTI, respectively. Methanol soluble TAT was also used in
an inverted P3HT:PCBM/TiO2 device, wherein the efficiency
improved from 1.06 to 1.34% with the addition of the
interlayer. The present results show that triindole-based
molecules are highly promising hole selective materials with

wide bandgaps, high LUMO levels, modest HOMO levels and
high hole mobilities, which can also be easily incorporated into
other organic electronic devices. On-going efforts involve the
development of various derivatives, such as crosslinkable
materials that can be solution processed and converted into
insoluble thin films for multilayer structure fabrication; and
functionalized materials that can form self-assembled mono-
layers on electrodes via covalent binding.
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