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The function and utility of inserting an in situ polymerizable
triphenylamine-containing polyperfluorocyclobutane (TPA-PFCB)
as a hole transport and electron blocking layer into the structure of
bulk heterojunction (BHJ) solar cells were demonstrated. The open-
circuit voltage (V,.) and short-circuit current (Js) increase, leading
to BHJ solar cells with improved power conversion efficiency.

Solution-processed bulk heterojunction (BHJ) polymer solar cells
(PSCs), comprising a phase separated mixture with interpenetrating
networks of the conjugated polymers (electron donor) and fullerene
derivatives (electron acceptor), are a focus of research directed toward
low cost conversion of sunlight to electricity.' Several methods for
improving the power conversion efficiency (PCE) of BHJ solar cells
are known to be effective, including the design and synthesis of new
low-band gap materials to harvest the solar spectrum more efficiently,
thermal annealing and solvent annealing to improve the nanoscale
morphology, and control of the morphology of polymer—fullerene
blends by optimizing the processing conditions through the use of
additives.5¢

Interface engineering is an alternative approach to improved
performance. Following charge transfer and charge separation at the
donor-acceptor interface, the holes and electrons are free to drift and
diffuse along the conjugated polymer—fullerene interpenetrating
networks to the appropriate electrodes where they are collected. The
use of charge selective transport layers enables all the nanoscale solar
cells within the BHJ material to be connected in parallel. Moreover,
the use of charge selective transport layers breaks the symmetry and
forces the photogenerated carriers to flow toward and be collected at
the desired electrode (anode for holes and cathode for electrons). The
use of charge selective layers can also improve the diode character-
istics and thereby reduce the dark current. The latter is especially
important for photo-detector applications,'” where low dark currents
are required for high detectivity.

The use of charge selective transport layers has proven to be
a useful approach. Previous studies demonstrated that a thin titanium
oxide (TiO,) layer inserted between Al cathode and BHJ layer serves
as a hole blocking layer and also acts as an “optical spacer,” resulting
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in significant improvement in the efficiency and lifetime of the BHJ
solar cells.”*2* For indium tin oxide (ITO) as the anode, poly(3,4-
ethylenedioxylenethiophene):polystyrene sulfonic acid (PEDOT:PSS)
is commonly used as a passivationlayer to control the work function
and improve the hole collection efficiency.**% As a doped polymer,
however, PEDOT:PSS does not function as a charge selective
transport layer.?® Here, we demonstrate triphenylamine-containing
polyperfluorocyclobutane (TPA-PFCB) as a hole-transport and
electron-blocking layer for polymer BHJ solar cells. TPA-PFCB was
first used as a hole-transport layer in polymer light-emitting diodes
(PLEDs).*” Thus, we expect that a thin TPA-PFCB layer inserted
between ITO and the BHJ layer can function as a charge selective
hole transport and electron blocking layer. We find that compared
with control solar cells, insertion of the TPA-PFCB layer causes both
the open-circuit voltage (V) and short-circuit current (Ji) to
increase, leading to enhanced efficiency.

The molecular structure of TPA-PFCB is shown in Scheme 1.
TPA-PFCB can be polymerized in situ through thermal cyclo-
dimerization at 225 °C for 45 min (under N,). After polymerization,
TPA-PFCB film is resistant to common organic solvents, such as
toluene, chlorobenzene (CB) and dichlorobenzene (DCB). It is
transparent over the entire visible region (see ESIf, Fig. S1). The
surface morphology of TPA-PFCB films after polymerization was
investigated by atomic force microscopy (AFM). The surface
roughness of TPA-PFCB/ITO was significantly less than that of
ITO; the root mean square (RMS) roughness of TPA-PFCB film
was 0.35 nm, while the RMS value of bare ITO was 0.60 nm (Fig. 1).
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Scheme 1 The molecular structure of TPA-PFCB.
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Fig. 1 AFM images of (a) ITO-coated glass substrate and (b) TPA-
PFCB thin film on ITO-coated glass substrate. The images were obtained
for 2 pm x 2 pum surface area.
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To clarify the role of TPA-PFCB as a hole-transport and electron-
blocking layer, bipolar field-effect transistors (FETs) and organic
solar cells based on poly(3-hexylthiophene-2,5-diyl)/[6,6]-phenyl Cg;
butyric acid methyl ester (P3HT/PCBM) layer were fabricated and
characterized.

The FET structure and transfer characteristics are shown in Fig. 2.
For the FET without the TPA-PFCB layer, typical bipolar transfer
characteristics were found with hole mobility (u,) and electron
mobility (u) nearly balanced (up, = 0.0011 cm? V=!' s7! and u, =
0.0032 cm? V! s7!). Devices with the TPA-PFCB layer exhibited
only hole transport. Compared with the device without the TPA-
PFCB layer, the current under positive ¥, decreases by more than 3
orders of magnitude. TPA-PFCB is an excellent electron blocker.
The highest occupied molecular orbital (HOMO) of TPA-PFCB is at
5.2 eV below the vacuum.? The lowest unoccupied molecular orbital
(LUMO) can be estimated from the optical gap to be at 1.7 eV.
Electron transport is, therefore, blocked because of the large energy
gap.

To illustrate the utility of TPA-PFCB as a hole extraction layer,
BHJ solar cells were fabricated; the device structure and the energy
levels are shown in Fig. 3. Devices based on PEDOT:PSS (device A:
ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al) yielded PCE of 3.50%. We
found that insertion of a thin PEDOT:PSS layer between the TPA—
PFCB and the BHIJ layer (device B: ITO/TPA-PFCB/PEDOT:PSS/
P3HT:PCBM/Ca/Al) improves the cell performance. The PCE
increased to 3.90%. Over ten devices were tested and the average
PCE:s increased by 0.2%. The current density—voltage (J-V) charac-
teristics of the devices under AM 1.5 G irradiation from a calibrated
solar simulator with an irradiation intensity of 100 mW cm 2 are
shown in Fig. 3c. Compared with the control devices based on
PEDOT:PSS as the hole transport layer (i.e. without TPA-PFCB),
Voo and Jy. both increased, leading to the increased PCE. Further-
more, as shown in Fig. 3d, the dark current of device with TPA—
PFCB is one order of magnitude lower than that of a similar device
without TPA-PFCB. The smaller current density reconfirms the
electron blocking effect of TPA-PFCB.
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Fig. 2 Transfer characteristics of bipolar FETs based on P3HT/PCBM
blend with TPA-PFCB and without TPA-PFCB on the top. Drain
current (/45) under negative gate voltage (V) indicates the hole transport
(left-hand side); drain current under positive gate voltage indicates the
electron transport (right-hand side). The applied drain-source voltage
(V4s) was consistent (—60 V) and V,, was applied from 60 V to —60 V.
The inset shows the device structure of bipolar FETs.
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Fig. 3 (a) The device structure of PSCs. (b) The energy level diagram of
the components. (c) J-V characteristics of device A: ITO/PEDOT:PSS/
P3HT:PCBM/Ca/Al and device B: ITO/TPA-PFCB/PEDOT:PSS/
P3HT:PCBM/Ca/Al. The device performance is summarized as follows:
the device A shows: Jo. = 9.10 mA cm2, V. = 0.60 V, FF = 65%, and
PCE = 3.50% and device B shows: J,. = 9.43 mA cm™2, V. = 0.61 V,
FF = 67%, and PCE = 3.90%. (d) The dark currents of device A and
device B.

In summary, we successfully demonstrated TPA-PFCB as a hole-
transport and electron-blocking layer. FET measurement showed
that electron transport is completely blocked by insertion of TPA—
PFCB between the BHJ layer and the Al source and drain electrodes.
A thin TPA-PFCB layer inserted between ITO and the BHJ layer in
solar cell architecture blocked electrons from travelling to the ITO.
Compared with the control solar cells without TPA-PFCB, both V.
and J increased, leading to enhanced efficiency.
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