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A Low Band Gap, Solution Processable Oligothiophene with a Diketopyrrolopyrrole Core
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We synthesized a low band gap, solution processable oligothiophene derivative functionalized with a
diketopyrrolopyrrole core, which is a highly absorbing chromophoric group. This design leads to optical
absorption that extends to 720 nm in solution and to 820 nm in the film. Cyclic voltammetry shows
quasireversible oxidation and reduction processes. Bulk heterojunction solar cells using [6,6]-phenyl C61-
butyric acid methyl ester (PCBM) as the electron acceptor were fabricated. The power conversion efficiencies
(PCEs) depend on the donor—acceptor ratio. A 70:30 donor/acceptor by weight mixture provided a PCE of
2.3% under simulated AM 1.5 solar irradiation of 100 mW/cm?. To date, this is the highest efficiency reported
for small molecule-based solution processed bulk heterojunction solar cells.

Introduction

Solar cells based on organic semiconductors are evolving into
a promising cost-effective alternative to silicon-based solar cells
due to low-cost fabrication by solution processing, ease of
processing, lightweight, and compatibility with flexible sub-
strates.! Devices based on these materials are predicted to have
an efficiency of 10% based on theoretical models.? For instance,
solution processed bulk heterojunction (BHJ) solar cells using
poly(3-hexylthiophene) (P3HT) as the electron donor and [6,6]-
phenyl C61-butyric acid methyl ester (PCBM) as the electron
acceptor have been reported to have efficiencies as high as
5.2%.3 Higher efficiencies are sought via research efforts focused
on the design and synthesis of new donor and acceptor materials
with high charge carrier mobility and strong absorption in the
visible and near-infrared regions of the solar spectrum,* as well
as device processing,’ fabrication,® and architecture design.’

Solution-processed solar cells based on conjugated small
molecule donors and fullerene acceptors have also been
investigated by a number of research groups. To date, small
molecule based solar cell devices have power conversion
efficiencies ranging from 0.3% to 1.3%.3-1° These efficiencies
remain low when compared to either thermally deposited small
molecule bilayer solar cells!” or polymer-based solar cells.??
Despite the lower performance attained thus far, conjugated
small molecules can potentially offer several advantages over
polymeric materials making them promising materials for
solution-processed solar cells. For example, molecular organic
semiconductors, such as oligothiophenes and oligoacenes,
display higher hole and electron mobilities than their polymeric
analogues as a result of better molecular ordering. Most
important, conjugated small molecules do not suffer from batch
to batch variations, broad molecular weight distributions, end
group contamination, and difficult purification methods, as is
the situation for their polymeric counterparts.

Unlike their polymeric analogues, thiophene-based oligomers
have not been fully investigated as donor materials in solar cells.
Although they exhibit high charge carrier mobilities in organic
field-effect transistors (OFETSs), which can also be a critical
parameter in organic solar cells, they do not absorb strongly in
the red and near-infrared part of the solar spectrum where most
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photons are concentrated. Excellent overlap between the absorp-
tion of the semiconducting material and the terrestrial solar
spectrum is a key requirement for increasing solar cell efficien-
cies. Another reason that oligothiophenes have not been as
readily incorporated into solution processed devices is their low
solubility in common organic solvents, as a result of strong
intermolecular 7— interactions. To make oligothiophenes that
exhibit absorption at long wavelengths, electron donors (e.g.,
arylamines) and acceptors (e.g., cyano, benzothiadiazole) have
been appended onto their backbone.!>!3:17418 The addition of
these groups changes the redox properties of the materials and
thereby their absorption properties. The same donor—acceptor
approach has been used to create low band gap fluorene
copolymers that exhibit intramolecular charge transfer absorption
at long wavelengths.! To make oligothiophenes that can be
solution processed, a variety of functional groups have been
incorporated as side chains such as charged groups,?® acyl
groups,?! alkylsulfanyl groups,?? alkylsilyl groups,?® ether-based
dendrons,?* and straight and branched alkyl moieties.>> Other
approaches include attaching solubilizing groups that can be
thermally removed after film deposition®® and to partially disrupt
the strong intermolecular 77— interactions by designing star-
shaped or cross-shaped systems.?728

One potential strategy to make suitable donor materials using
oligothiophenes is to incorporate highly absorbing chromophores
that are used to make dyes and pigments. One such chromophore
is 3,6-diaryl-2,5-dihydro-pyrrolo[3.,4-c]pyrrole-1,4-dione or more
commonly known as diketopyrrolopyrrole (DPP).2’ DPP-
containing materials are bright and strongly fluorescent with
exceptional photochemical, mechanical, and thermal stability
and are therefore used in industrial applications as high-
performance pigments in paints, plastics, and inks.>* DPP-based
molecular materials, however, are not soluble in most common
organic solvents due to the concurrent strong H-bonding and
sm— intermolecular interactions in the solid state.?' Soluble
derivatives, however, can be made by attaching solubilizing
groups including ionic groups,’? charged,?* or neutral long alkyl
chains,*3 and organic protecting groups such as -Boc* on
the 3,4-positions (i.e., the lactam N atoms) and/or on the 2,5-
positions of the DPP moiety. It has been shown that the solid

UJ 2008 American Chemical Society

Published on Web 07/03/2008



11546 J. Phys. Chem. C, Vol. 112, No. 30, 2008

.

O

Tamayo et al.

o d cathode
N S, CeH

Wew Anode Contact H7F 1 NN . .
CeHi7 8 U active material

O O

o)
ITO/Glass PEDOT/PSS
Light

Figure 1. Schematic device structure and chemical structures of compounds used to fabricate the BHJ o,a-DH6TDPP:PCBM solar cell.

state packing and optical properties of DPP containing materials
are dependent on the nature of these substituents.333+37 Recently,
we have shown that DPP-containing oligothiophenes self-
assemble in the solid state forming unexpected nanostructures.
The self-assembly process can be controlled by the number of
thiophene rings and the nature of the aliphatic chains attached
to N atoms.?

In light of this research, we now report the synthesis of an
oligothiophene derivative suitable for solution-processed small
molecule-based BHJ solar cells consisting of a diketopyrrol-
opyrrole chromophoric unit with #-Boc groups on the N,N-
positions and terthiophene units attached to the 2 and 5-positions
(compound 0,a-DH6TDPP in Figure 1). This system was
designed to take advantage of (1) the highly absorbing and the
electron accepting?® ability of the DPP moiety whose solubility
and electronic properties can be tuned by varying the substituents
on the nitrogen atoms, (2) the hole transporting and electron
donating properties of oligothiophenes, (3) the extended absorp-
tion at long wavelengths due to intramolecular charge transfer
between the thiophene units and the DPP core, and (4) the
molecular ordering of oligothiophenes and DPP-based materials
in the solid state which can potentially lead to enhanced charge
carrier mobilities.

Experimental Section

Density Functional Theory (DFT). DFT calculations were
performed using the Titan software package (Wavefunction,
Inc.) at the B3LYP/6—31G** level. The highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energies were determined using minimized
singlet geometries to approximate the ground state.

Electrochemical and Photophysical Characterization. Cy-
clic voltammetry (CV) was performed using an EG&G poten-
tiostat/galvanostat model 283. Anhydrous dichloromethane was
used as the solvent under an inert atmosphere, and 0.1 M
solution fetra-butyl ammonium hexafluorophosphate was used
as the supporting electrolyte. A glassy carbon rod was used as
the working electrode, a platinum wire was used as the counter
electrode, and a silver wire was used as a pseudo reference
electrode. The redox potentials are obtained by taking the
average of anodic and cathodic waves and are reported relative
to a ferrocenium/ferrocene (Cp,Fet/Cp,Fe, 0.475 V versus SCE
in dichloromethane) redox couple used as an internal reference.?
UV —visible absorption spectra were recorded on a Shimadzu
UV-2401 PC dual beam spectrometer. Steady-state fluorescence
experiments at room temperature were performed using a PT1
(Lawrenceville, NJ) Quantum Master fluorometer equipped with
a Xenon lamp excitation source and a Hamamatsu (Japan) 928
PMT using 90° angle detection for solution samples.

Film Morphology. Tapping mode atomic force microscopy
(AFM) topographic and phase images of pure a,0.-DH6TDPP
and the blends were obtained using the Multi-Mode microscope

and the controller NanoScope IIla (Veeco Inc.). Images were
collected in air using silicon probes with a typical spring constant
of 1—5 nN/m and a resonant frequency of 75 kHz (Budget
Sensors).

Device Fabrication and Characterization. Indium tin oxide
(ITO)-coated glass substrates (Thin Film Devices) were cleaned
with detergent and deionized water after which the substrates
were sonicated for 10 min in soap solution, deionized water,
acetone, and isopropanol. The ITO substrates were then treated
in a UV ozone cleaner for 30 min followed by spin coating a
solution of poly(3.4-ethylene dioxythiophene/poly(styrene-
sulfonate) (PEDOT:PSS, Baytron P) (5000 rpm for 40 s). The
PEDOT:PSS film was dried at 140 °C inside a glovebox for 15
min which yielded a film of ~40 nm thick. A 2% (w/v) blend
solution of o,0-DH6TDPP and PCBM (Nano-C, USA) in
chloroform (CHCI3) was filtered through a 0.45 um poly(tet-
rafluoroethylene) (PTFE) filter and spin coated at 1500 rpm for
60 s on top of the PEDOT:PSS layer. Subsequently, aluminum
(1200 A) was thermally evaporated at a pressure of 1 x 1077
Torr at room temperature using a shadow mask. Illumination
was done through the glass slide using light from 150 W
Newport-Oriel AM 1.5G light source operating at 100 mW/
cm?. Mobility measurements were done using the following
diode structures: ITO/PEDOT:PSS/active material/Au for holes
and Al/active material/Al for electrons. The charge carrier
mobilities were calculated using the space-charge limited current
(SCLC) model.*> Au (1000 A) and Al (500 A) electrodes were
thermally evaporated at a pressure of 1 x 1077 Torr at room
temperature using a shadow mask (Angstrom Engineering, Inc.).
The active layer thicknesses in all devices obtained by AFM
were approximately 100—110 nm. Current versus voltage curves
(I—V) characteristics were measured with a Keithley 2602
Digital Source Meter. All fabrications and characterization were
performed under nitrogen.

Results and Discussion

Physical Properties and Film Morphology of a,o-
DHO6TDPP. Figure 1 gives the device schematic and chemical
structures of the donor material a,a-DH6TDPP and the acceptor
material PCBM used to fabricate the bulk heterojunction solar
cells. The detailed synthesis and characterization of the donor
material is given in the Supporting Information. The geometry
and electronic structure of o,0-DH6TDPP were examined at
the ab initio density functional level with the Titan software
package. Becke’s three parameter gradient corrected functional
(B3LYP) with a polarized 6—31G** basis was used for full
geometry optimization. H atoms were used in place of the
n-hexyl groups to limit computation time. The geometry and
the HOMO and the LUMO surface plots of the ground-state
optimized structures are illustrated in Figure 2. The HOMO
contains both oligothiophene and DPP character, whereas the
LUMO is located predominantly on the DPP core. The
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Figure 2. HOMO and LUMO surface plots for o,a-DH6TDPP.
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Figure 3. Solution and film absorption of a,oc-DH6TDPP in chloro-
form and on a quartz substrate.

calculated HOMO and LUMO energies of the ground-state
optimized geometry of 0,a-DH6TDPP are —4.73 eV and —2.83
eV, respectively. The difference between the ground HOMO
and LUMO was then used to estimate the singlet energy gap
which was calculated to be 190 eV (4 = 653 nm). This value
is in agreement with the values obtained from both the
electrochemical and optical measurements for a,a-DH6TDPP,
AE 4% = 2.04 V and AEqy = 2.01 eV (A = 616 nm) (vide
infra), with some margin of error. The results of the DFT
calculations will be discussed as they pertain to the interpretation
of electrochemical and spectroscopy results.

The electrochemistry of o,0-DH6TDPP in anhydrous dichlo-
romethane was examined using CV measurements in the
presence of tetrabutylammonium hexafluorophosphate as a
supporting electrolyte. The redox potential for o,,a-DH6TDPP
was measured relative to ferrocene (Cp,Fet/Cp,Fe = 4.6 V),
which was used as the internal reference. The CV of a,o-
DH6TDPP exhibits one reversible oxidation process and one
reduction process at 0.43 V and at —1.61 V, respectively. Based
on the measured oxidation and reduction potentials, o,0.-
DH6TDPP has HOMO and LUMO energy levels of —5.03 and
—3.0 eV, respectively. The DFT calculated HOMO and LUMO
energy levels for o,a-DH6TDPP are in agreement with these
values. These values are also within the required electronic levels
for BHJ solar cells when PCBM is used as the electron
acceptor.” Furthermore, it can be envisioned based on the DFT
results that other derivatives of a,a-DH6TDPP can be made
with modified HOMO and LUMO levels by varying the
substituents at the 2,5 and/or 3,4 positions.

Figure 3 shows a plot of the solution and film absorption
spectra of o,a-DH6TDPP in chloroform and on quartz,
respectively. The high degree of conjugation between the
electron donating thiophene rings and the electron accepting
DPP moiety, as predicted by DFT calculations, is demonstrated
in solution where the compound shows a broad and featureless
absorption band with a A, = 616 nm corresponding to the
intramolecular charge transfer (ICT) transition. This absorption
band is bathochromically shifted relative to the t—s* transitions
in water-soluble sexithiophenes, which occur between 400 and
500 nm in dilute solutions.?’ The film absorption of pure o,a-
DH6TDPP on a quartz substrate spin-coated from a 2% (w/v)
chloroform solution is significantly broadened and exhibits two
absorption bands centered at 660 and 742 nm. These peaks are
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Figure 4. Tapping mode AFM (10 um x 10 um) topographical (a)
and phase (b) images of pristine a,a-DH6TDPP film spin-coated from
chloroform on a quartz substrate.

44 and 126 nm red-shifted from the main absorption band
observed in solution, respectively. The first absorption band is
quite broad and is likely due to the same charge transfer band
seen in solution and the shift in the peak maximum is due to
aggregation in the solid state. The second sharp absorption band
is possibly due to ordered aggregation, which is confirmed by
AFM (see Figure 4). The absorption band edge of the compound
is shifted from 1.72 eV in solution to 1.51 eV in film. One reason
for this significant change might be the coplanarization of the
thiophene rings due to molecular ordering, similar to what has
been observed for spin-coated films of thiophene oligomers and
polymers.

Figure 4 shows the topographic and phase images of a,o.-
DH6TDPP spin-coated from CHCI3 onto a quartz substrate.
Fiber-like structures are observed in the topographic and phase
images indicating a high degree of molecular order. The hole
mobility, un, of a,0-DH6TDPP was measured to be 3 x 107°
cm?/V +s using the ITO/o,a-DH6TDPP/Au diode configuration.
This value is comparable with hole mobilities measured for
small molecules (i.e., ~107¢ cm?V-s, for triphenylamine
derivatives)'® and conjugated polymers that are used as electron
donors for solar cells (i.e., ~1077 cm%V *s for MEH-PPV*! and
~ 1073 cm?V +s for P3HT,*? as determined by using the SCLC
model). However, it is known that hole mobilities change when
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Figure 5. Absorption of blends containing o,0-DH6TDPP and PCBM

in various ratios, spin-coated on quartz substrates from chloroform

solutions with a 2% (w/v) total concentration.
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Figure 6. J—V characteristics of organic solar cells prepared from
o,a-DH6TDPP:PCBM blends: 30:70 (red squares), 50:50 (green
triangles), and 70:30 (blue circles) under AM 1.5 irradiation (100mW/
cm?).

mixed with PCBM, as both hole and electron mobilities depend
on factors such as blend ratio and film morphology.*?

Photovoltaic Properties and Film Morphology of o,a-
DH6TDPP:PCBM Blend. To demonstrate the potential of o0
DH6TDPP as an electron donor in photovoltaic devices, BHJ
devices were fabricated by spin-coating from 2% (w/v) chlo-
roform solutions comprising a mixture of o,0.-DH6TDPP and
PCBM in different blend ratios (30:70, 50:50, and 70:30). Figure
5 shows the film absorption spectra of the various blends. It
can be seen that, as the amount of PCBM decreases, the peak
at 300 nm assigned to PCBM decreases in intensity with the
simultaneous appearance of a shoulder band around 740 nm
that was previously assigned to the aggregation of o,0-
DH6TDPP. However, the absorption band is not as intense as
the one seen in the pure film probably due to disruption of the
solid state packing of a,0-DH6TDPP with the addition of
PCBM, as previously observed for conjugated polymers where
PCBM inhibits crystallization.**

Figure 6 shows the current density versus voltage (/-V) curves
for devices using 30:70, 50:50, and 70:30 blend ratios under
AM 1.5 simulated solar illumination at an intensity of 100 mW/
cm?. A summary of photovoltaic properties is given in Table
1. The best devices based on 30:70 blend ratios delivered a short
circuit current density of 3.13 mA/cm? and an open circuit
voltage of 0.63 V. Combined with a fill factor of 0.27, the device
gave a power conversion efficiency of 0.53%. The short circuit
current density increased significantly when the donor—acceptor
blend ratios were changed to 50:50 and 70:30. The open circuit
voltage, however, remained relatively constant. A short circuit
current density of 8.42 mA/cm? and an open circuit voltage of
0.67 V were obtained from the device employing a 70:30 blend
ratio. The power conversion efficiency of the device was
calculated to be 2.33% with a fill factor of 0.45. This power

Tamayo et al.

40+

EQE (%)

Wavelength (nm)

Figure 7. External quantum efficiency (EQE) curve for device using
70:30 blend of o,a-DH6TDPP:PCBM.

conversion efficiency value is the highest among solution
processed small molecule based BHJ solar cells reported in the
literature. This device exhibits external quantum efficiencies
close to 25% at 343 nm and close to 30% between 550 and
750 nm (see Figure 7), the former being mainly due to the
PCBM acceptor while the latter is attributed to the donor
material.

It is known that the morphology of the active material in
BHI solar cells significantly affects the device performance.*
AFM topographical and phase images collected in the areas
between the Al electrodes of the devices are shown in Figure
8. Overall, there is no micrometer-sized phase segregation
occurred for the three donor/acceptor ratios used. The 30:70
a,0-DH6TDPP:PCBM film surface is very smooth, with a rms
roughness of ~0.45 nm. Increasing the donor/acceptor ratio
leads to increased surface roughness (~1.0 nm for 70:30 o,a-
DH6TDPP:PCBM film). Some degrees of intermolecular
interactions of o,0-DH6TDPP are maintained in the blended
film as evidenced by the fiber-like structures in the topographic
and phase images (Figure 8). The devices fabricated from the
30:70 (Figure 8a,b), 50:50 (Figure 8b,c), and 70:30 (Figure 8e,f)
blend ratios show minimal or no visible phase separation, but
at a higher donor ratio (70:30), nanostructures can be observed
from the topographic image (Figure 8e). This continuous film
morphology with the absence of large phase segregation
combined with the increase in absorption at longer wavelengths
brought by the increase in donor concentration can account for
the increase in device performance. It is also known that
annealing the film before and after evaporation of the metal
cathode significantly increases the device performance of BHJ
solar cells. >4 Annealing experiments, however, were not done
with these devices, as high temperatures can lead to the removal
of the t-Boc groups and change the chemical and electronic
properties of the chromophore and the long-range molecular
packing.362

Hole and electron mobilities are also important parameters
to consider in the fabrication/function of bulk heterojunction
solar cells. For optimal device performance, a balance in the
mobility of both charge carriers is desirable. The hole and
electron mobilities were thus measured for 30:30, 50:50, and
70:30 blend ratios using the hole-only and electron-only diode
structures (Supporting Information). The mobility values were
extracted using the SCLC model. It was found that the electron
mobilities do not change significantly as the donor concentration
increases. The electron mobilitites are 3, 5, and 6 x 1074 cm?/
Vs for 30%, 50%, and 70% acceptor contents, respectively. In
contrast, the hole mobilities exhibit a more pronounced depen-
dence on the concentration of donor material, increasing by more
than an order of magnitude from 2 x 1078 to 5 x 1077 cm? Vs
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Figure 8. Tapping mode AFM topography (a, c, and e) and phase images (b, d, e, and f) of actual o,0-DH6TDPP:PCBM devices fabricated with

the following ratios 30:70 (a,b), 50:50 (c,d), and 70:30 (e,f).

TABLE 1: Effect of 0,0-DH6TDPP and PCBM Blend Ratio
on the Device Characteristics

ratio o,,0-DH6TDPP:

PCBM Voo (volts)  Jg. (mA/em?) 5 (%)  FF
30:70 0.63 3.13 0.53 0.27
50:50 0.65 5.42 1.20  0.34
70:30 0.67 8.42 2.33 0.45

as the concentration of donor material was decreased from 30%
to 70%. It is evident that the charge transport properties are
more balanced at high donor concentration, resulting in im-
proved device efficiency. From these results, the electron and
hole mobilities differ by 3 orders of magnitudes. Thus, higher
efficiency can be achieved if one can further improve the hole
mobility.

The optimal donor concentration in this system is much larger
than optimal blend ratios previously observed for solution-
processed conjugated polymer/PCBM mixtures.>#¢ This may be
because large concentrations of a,0-DH6TDPP do not disrupt

the percolation of the PCBM phase as polymers do.*’ In this
system, a high donor concentration is not seen to adversely affect
device properties as with polymers, but allows for enhanced
light absorption by the chromophore and increased order in film
morphology, in addition to balancing charge transport properties.

Conclusions

We have demonstrated high efficiency, small molecule based,
solution processed BHJ solar cells that incorporate an oligoth-
iophene derivative having a diketopyrrolopyrrole core as donor
material. This molecule exhibits strong absorption in the visible
and near-infrared region and exhibits a hole mobility of ~1076
cm?/V+s, as determined by the SCLC model. Solar cells using
blend solutions of a,a-DH6TDPP with PCBM exhibit power
conversion efficiencies as high as 2.33% when the donor/
acceptor ratio is 70:30 with external quantum efficiencies close
to 30% between 550 and 750 nm. Charge mobility measure-
ments show that electron mobilities of blended films remain
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relatively constant as the donor concentration is increased while
the hole mobilities increase an order of magnitude. To date,
these are the best reported small molecule based solar cells
fabricated by solution process. We have attributed this excellent
performance to the following factors: (1) the new donor
molecule (o,0-DH6TDPP) shows strong film absorption ex-
tending to 800 nm, whereas other solution processed small
molecules have absorption up to 700 nm. (2) Compound o, 0.-
DH6TDPP exhibits ordered aggregation in the solid state as
evidenced by very weak photoluminescence and fiber-like
structures in AFM images. (3) No large phase segregation is
observed in the blends at various donor:acceptor ratios. (4) The
hole mobility of o,o-DH6TDPP is comparable to small
molecules and conjugated polymer materials used as donor
materials for bulk heterojunction solar cells. (5) The absorption
cross section for a,0-DH6TDPP is larger than for pentacene,
one of the most favored candidates for use in solution processed
solar cells. It is believed that further improvements in the device
performance can be realized by a combination of synthesis of
new derivatives and improvements in materials processing and
device fabrication.
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