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ABSTRACT: We report the use of three solution processable
azadipyrromethene (ADPM) based compounds, i.e., ADPM,
B,F,-chelated ADPM (BF2-ADPM), and B,O-chelated
ADPM (BO-ADPM), as electron donors in planar hetero-
junction solar cells. These small molecules possess exceptional
light harvesting capability with high extinction coeflicients
(~1 x 10> M " ecm " in solutions) and broad absorption
spectra up into the near-infrared region. Planar heterojunction
organic solar cells, consisting of a solution processed electron
donor layer and a vapor deposited Cgo acceptor layer, have
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been constructed to give power conversion efficiencies of 0.56, 0.69, and 2.63% for ADPM, BF2-ADPM, and BO-ADPM,
respectively, under AM 1.5G simulated 1 sun solar illumination. A high open circuit voltage (V,.) of ~0.8 V was achieved for the
BO-ADPM/Cg, device, which is among the highest reported values for organic solar cells with photocurrent generation in the

near-infrared region beyond 1.5 eV.
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B INTRODUCTION

Organic semiconductors provide an inexpensive pathway to
fabricating thin and lightweight new generation solar energy
conversion devices. The tunability of organic molecular structures
enables a variety of low-cost organic semiconductors to be
developed for use in electronic devices."” To date, three main
categories of organic semiconductors have been extensively
investigated for organic solar cells (OSCs), including solution
processable conjugated polymers, vapor depositable small mol-
ecules, and solution-processable small molecules. In recent years,
solution processable small molecules have attracted great atten-
tion due to their numerous advantages over the other two classes
of materials, i.e., higher purity, more reproducible and scalable
synthesis, and higher stability over polymers, as well as allowing
higher throughput device manufacturing via solution processing
instead of high vacuum conditions for vapor-deposited small
molecule devices.”* The power conversion efficiencies of organic
solar cells based on solution processable small molecules have
steadily improved over the past few years from ~1 to more than
5%, catching up to those of polymer and vapor deposited small
molecule devices.”®

The efficiency of a typical photovoltaic cell depends on the
short-circuit current density (J,.), the open circuit voltage (V,.)
and the fill factor (FF). Because the light-harvesting capability of
the organic layers represents one of the major factors in
determining the ], low bandgap materials with high absorption
coeflicients and strong spectral overlap with solar irradiation are
desired. For this reason, a variety of near-infrared organic dyes
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have been explored over the past few years for OSCs, includ-
. 79 10 1
ing phthalocyanines, sub})hthalocyanmes, merocyanines,
. .1 13,14 . 15
squaraine, ~ isoindigos, borondipyrromethenes, > and
diketopyrrolopyrroles.16 On the other hand, the V. is generally
considered to be controlled by the energy offset (AEp ) between
the highest occupied molecular orbital (HOMO) of the donor
and the lowest unoccupied molecular orbital (LUMO) of the
17 . .

acceptor, ’ as well as the morphological properties of the donor/
acceptor interface.'® It is not trivial to maintain a high V, for
solar cells with near-infrared materials, or to achieve high J;. and
Vo simultaneously, as the reduced bandgap of electron donors
often results in lower AEp,.

Herein, we report for the first time a series of solution-
processable azadipyrromethene based small molecules, i.e., aza-
dipyrromethene (ADPM), B,F,-chelated azadipyrromethene
(BF2-ADPM), and B,O-chelated azadipyrromethene (BO-
ADPM), being used in OSCs. Because of their facile synthesis, high
solubility, high stability, and exceptional photophysical proper-
ties with high absorption coefficients (~1 x 10°M 'em ') and
fluorescence quantum yields in the near-infrared region," *'
ADPM based organic dyes have previously been exploited in a
diverse range of material and biological applications, such as

I : 22,23
photosensitizers for photodznamlc therapy, fluorescent
probes for biological imaging***® and as laser dyes.*® By using
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Figure 1. Chemical structures of the materials used in this study.
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these near-infrared dyes as electron donors and Cgy as the
acceptor, we have constructed efficient planar heterojunction
OSCs. Of particular interest is the BO-ADPM/ Cg bilayer device
exhibiting power conversion efficiencies up to 2.63%, which is
attributed to the photocurrent generation into the near-infrared
spectrum of up to 845 nm while maintaining high V. of ~0.8 V.

B EXPERIMENTAL SECTION

Materials and Instrumentation. The three ADPM compounds,
shown in Figure 1, were synthesized following the procedures reported
in the literature.”>>* More information regarding the materials synthesis
and characterizations can be found in the Supporting Information.

Prepatterned ITO-coated glass substrates were purchased from Thin
Film Devices Inc. Sublimed grade Cg, and Bathocuproine (BCP) were
purchased from Aldrich. PEDOT:PSS (Baytron PH 500) was purchased
from H. C. Starck. UV —vis measurements of materials in solution and in
film form were conducted with a CARY 5000 UV—vis—NIR spectro-
photometer. Film thickness was measured using a Dektak 150 profil-
ometer. Cyclic voltammetry was performed using a Solartron 1285
potentiostat, wherein a platinum wire acts as the working and counter
electrode and a silver wire as the reference electrode. Samples were
prepared in dichloromethane solution with 0.1 M tetrabutylammonium
hexafluorophosphate as the electrolyte at a scan rate of 100 mV s .
Atomic force microscopy (AFM) images were taken on a Veeco
Nanoscope V scanning probe microscope in tapping-mode. A Thermal-
Oriel 300W solar simulator provided an AM 1.5G solar illumination at
100 mW cm > for device testing. A Keithley 236 source-measure unit
was used to measure current density—voltage (J-V) curves. External
quantum efficiencies (EQEs) were measured with a monochromator
and calibrated up to 800 nm with a silicon photodiode.

Device Fabrication. Organic solar cells were fabricated in a planar
heterojunction structure of ITO/PEDOT:PSS/ADPM donor/Cgo/
BCP/Ag. ITO-coated glass substrates were cleaned by successive
sonication in soap solution, deionized water, acetone and isopropanol
for 15 min at 40 °C and UV ozone cleaned for 10 min. An ~40 nm thick
PEDOT:PSS layer was prepared by spin-casting its aqueous solution
onto the cleaned ITO-coated glass substrate at 4000 rpm for 40 s and
baked at 140 °C for 20 min. ADPM, BF2-ADPM, and BO-ADPM were
dissolved in chlorobenzene at a concentration of 4 mg/mL. Additionally,
BO-ADPM was dissolved in tetrahydrofuran (THF) at 2 mg/mL. All
solutions were passed through a 0.2 um polytetrafluorethylene filter
prior to being spin-coated onto the PEDOT:PSS film at 2000 rpm for 60
s. Subsequently, the Cyp (45 nm), BCP (10 nm), and Ag (100 nm) were
thermally evaporated under high vacuum (~ 2 x 10~ mbar) at rates
of 1.5,1.5,and 4 As ', respectively. The BCP layer acts to block excitons
and transport electrons.’ The Ag electrodes defined the devices with a
shadow mask of 0.03 cm” in area. Hole-only devices were fabricated with
the structure of ITO/PEDOT:PSS/ADPM donor/Au. The hole-only
devices were used to study hole mobility via the space-charge limited
current (SCLC) method.
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Figure 2. Extinction coefficients of ADPM, BF2-ADPM, and BO-ADPM
in (a) solutions and (b) thin films that involved the cholorbenzene (CB)
and THF solvents. The extinction coeflicients in the thin films are ~10x
smaller than in solution.

B RESULTS AND DISCUSSION

Physical Properties. The solution UV—vis absorption spectra
were recorded in cholorbenzene for all three molecules and also
in THF for BO-ADPM (Figure 2a). Their corresponding thin
film absorption spectra are shown in Figure 2b, which were
measured on ITO/PEDOT:PSS coated glass substrates. We
found that all three ADPM molecules display extremely high
extinction coefficients, reaching up to ~1.7 x 10°M ' ecm ™" in
solution and ~1.5 x 10* cm ' in thin film. Also, significant
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broadening and a bathochromic shift of the absorption peaks in
the thin film were observed, which is considered to be the result
of strong molecular T—7 interactions due to the flat molecule
structures. The red shift of the absorption spectra from ADPM to
BF2-ADPM and BO-ADPM is attributed to the electron-with-
drawing nature of the B,F,%” and B,O chelates, as well as the
intramolecular B—O ring formation.** Tt is worth highlighting
that BO-ADPM absorbs in the near-infrared region up to ~800 nm
in solution and ~850 nm in the thin film regardless of the solvent
used. The optical bandgaps for the three materials were deter-
mined from the onset of the thin film absorption spectra, which
are 1.70 eV for ADPM, 1.59 eV for BF2-ADPM, and 1.47 eV for
BO-ADPM.

Cyclic voltammetry was used to investigate the electrochemi-
cal properties of this family of molecules. The cyclic voltammetry
curves for the three molecules are available in the Supporting
Information. The oxidation and reduction potentials relative to
an internal ferrocene/ferrocenium redox couple (—4.8 eV vs
vacuum) translates into reductions in electrochemical bandgaps
of 1.88, 1.74, and 1.46 €V for ADPM, BF2-ADPM, and BO-
ADPM, respectively. The trend observed in the electrochemical
bandgap values for the three compounds corresponds well to that
for the optical bandgaps.

The HOMO and LUMO levels were estimated to be —5.38
and —3.50 eV for ADPM, — 5.68 and —3.94 eV for BF2-ADPM,
and —5.48 and —4.02 eV for BO-ADPM, respectively. The resulting
energy level diagram is shown in Figure 3. Density Functional
Theory calculations predicted quite consistent results for the
changes in energy levels and bandgaps (see the Supporting
Information). The HOMO and LUMO levels of these molecules
suggest their suitable application as electron donors in OSCs
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Figure 3. Schematic energy levels in eV of organic thin films and electrodes.

with Cg as the acceptor, which has a HOMO of —6.2 and a
LUMO of —4.5 eV.?

The hole carrier mobility of the ADPM films was evaluated by
SCLC measurements. The SCLC hole-only devices were fabri-
cated with the structure of ITO/PEDOT:PSS/ADPM film/Au,
wherein the ADPM films were prepared by spin-casting chloro-
form solutions of ADPM and BF2-ADPM, and cholorbenzene
and THF solutions of BO-ADPM. Chloroform was used for
ADPM and BF2-ADPM to ensure sufficiently thick films needed
for SCLC measurements (>100 nm). The resulting SCLC hole
mobility values are shown in Table 1. Thin films of ADPM and
BF2-ADPM prepared from chloroform solutions, and BO-
ADPM from cholorbenzene solution exhibit very similar mobi-
lity values of 1—2 x 10~* cm® V" 's~'. While a lower hole
mobility of 2.88 x 107> cm® V_'s™' was obtained for BO-
ADPM thin films processed in THF. This difference in hole
mobility indicates distinct film morphologies for the films pre-
pared via various solvents. It is very likely that the BO-ADPM
film from THEF is amorphous and the film from cholorbenzene
has more crystalline features.'®

The surface morphology of the thin films was studied with
tapping mode AFM. Thin films were prepared via spin-casting of
cholorbenzene solutions of all three compounds with an addi-
tional BO-ADPM film prepared from THF. The AFM images
of the four films are shown in Figure 4. The BF2-ADPM and
both BO-ADPM films exhibit uniform and smooth morphologies
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Figure 4. Tapping mode AFM images of spin-cast films of (a) ADPM
from chlorobenzene, (b) BF2-ADPM from chlorobenzene, (c) BO-
ADPM from chlorobenzene, and (d) BO-ADPM from THF. The height
scale for image a is 10X the scale bar.

Table 1. Photophysical, Electrochemical, and Electronic Properties of Three Molecules and Their Thin Films

solution absorption  film absorption peak

peak (nm) and intensity (nm) and intensity film absorption film optical electrochemical hole mobility
compds (x10°M ' em™) (x 10* em™) onset (nm) bandgap (eV) HOMO (eV) LUMO (eV) bandgap (eV) (em? VvV ish)
ADPM 603, 0.62 627,0.77 729 1.70 —5.38 —3.50 1.88 192 x 10°*
BF2-ADPM 656, 1.66 693, 1.48 782 1.59 —5.68 —3.94 1.74 149 x 10°*
BO-ADPM 724, 1.19 761, 0.76 845 147 —5.48 —4.02 1.46 1.57 x 1074 (2.88 x 107°)°
“ Film processed with THF.
4471 dx.doi.org/10.1021/am201157d |ACS Appl. Mater. Interfaces 2011, 3, 4469-4474
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Figure S. (a) Schematic device architecture and (b, c) the current density—voltage (J— V) characteristics of devices (b) under AM 1.5G simulated 1 sun

solar illumination and (c) in the dark. CB denotes the use of chlorobenzene.

Table 2. Device Performance Characteristics for Planar Heterojunction Solar Cells with ADPM Donors

donor layer thickness (nm) Voo (V)
ADPM (CB)" 8.5 0.207 —5.53
BF2-ADPM (CB) 111 0.469 ~3.088
BO-ADPM (CB) 123 0.562 —4.456
BO-ADPM (THF) 14.3 0.796 —5.882

@ At least three devices were tested.  CB denotes chlorobenzene.

Jic (mA/cm®)

power conversion average power conversion

FF efficiency (%) efficiency (%)"
0.487 0.56 0.54
0.475 0.69 0.66
0.527 1.32 1.26
0.562 2.63 2.53

with root- mean-square(rms) roughness values of 0.29, 0.32, and
0.40 nm for BF2-ADPM from chlorobenzene, BO-ADPM from
chlorobenzene, and BO-ADPM from THEF, respectively. In
contrast, ADPM forms large crystallites such that the surface is
very rough with rms roughness of 5.7 nm.

Organic Solar Cells. Simple planar heterojunction solar cells
were fabricated with the solution processed ADPM thin films as
electron donors and vapor deposited Cg, as the electron accep-
tor. As shown in Figure Sa, the resulting device structure was
ITO/PEDOT:PSS(40 nm)/donor(8—15 nm)/Cgo (45 nm)/
BCP(10 nm)/Ag(100 nm).

We optimized the device performance by changing the
solvents used and the solution concentrations for ADPM donor
molecules. The solution processed donor layers were prepared
via spin-casting solutions at 2000 rpm for 60 s, such that the film
thickness was controlled by the solution concentration. We have
obtained the best performing device with a power conversion
efficiency of 2.63%, wherein the donor layer of ~14 nm thick
BO-ADPM was prepared from 2 mg/mL solution in THF. In
addition, the best ADPM, BF2-ADPM, and BO-ADPM devices
fabricated from cholorbenzene solutions showed power conver-
sion efficiencies of 0.56, 0.69, and 1.32%, respectively. All devices
were negatively affected by thermal annealing.

Figure Sb shows the current density vs voltage (J—V) curves
for the four devices under AM 1.5G simulated solar illumination
with an intensity of 100 mW cm 2. The device characteristics are
shown in Table 2. As far as the V, is concerned, the ADPM
device exhibited the lowest value, which is consistent with its high
HOMO level among the three compounds.” Additionally, the
highly crystalline morphology of the ADPM film could result in
strong molecular interactions between ADPM and Cgo at
the donor/ acce{)tor interface, resulting in enhanced charge
recombination.'® Under conditions of high recombination,
the forward bias current is high which results in a reduced V..

The dark current depends on the recombination in the device.
Indeed, the highest dark current density for the ADPM device
shown in Figure Sc supports our explanation. Compared to the
ADPM device, the BF2-ADPM device exhibited a higher V,,. and
lower J., due to the much higher AEp, and lower charge
separation efficiency of BF2-ADPM/Co.>

For the devices processed with cholorbenzene, the ADPM
device showed much higher J,. than the other two donors,
although ADPM has the largest bandgap with lowest spectral
overlap with solar irradiation. To gain a better understanding
of the difference in J,,, we measured the EQEs for the devices
with different donor layers (Figure 6). The photocurrent
generation for all devices is shown across a broad spectrum
up to the near-infrared region, which matches well with the
thin film absorption spectra as shown in Figure 2b. The low
EQEs of =<20% are very typical for planar heterojunction
structured OSCs.*® It was found that the ADPM/Cg, device
exhibited much higher EQE than the other donors. This is
not surprising because ADPM/Cg has the highest energy
offset between the LUMO levels of donor and acceptor,
resulting in the highest charge separation efficiency. Addi-
tionally, the less flat molecular structure of ADPM could
afford larger donor/acceptor distance in the bilayer interfaces
leading to higher charge separation efficiency and subse-
quently higher Joo2* 1t is worth mentioning that the EQE
spectra past 800 nm were not measured because of limita-
tions in our setup.

The BO-ADPM device is the most interesting with much
higher performance than ADPM and BF2-ADPM devices. Also,
the device characteristics show strong dependence on the
processing solvent. Both the V,,. and J,. increase significantly as
a result of changing the processing solvent from cholorbenzene
to THF. As demonstrated previously, a higher boiling point
solvent would afford improved molecular stacking and
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Figure 6. EQE spectra for ADPM donor-based devices. CB denotes
chlorobenzene.

stronger molecule interactions after spin-casting.’® > In our
case, stronger molecular interactions are believed to be present
in the thin film processed by cholorbenzene with a boiling point
of 131 °C than in the thin film processed by THF with boiling
point of 66 °C. The increase in molecular interactions by
processing with chlorobenzene is well-supported by an order
of magnitude increase in the hole mobility compared to the
mobility in films processed from THF. The increased alignment
of BO-ADPM molecules in the cholorbenzene processed thin
film could lead to stronger BO-ADPM/Cg interactions at the
donor/acceptor interface, resulting in higher dark current,
compared to processing from THF, as shown in Figure Sc.
Ultimately, the BO-ADPM device with THF processed donor
layer possesses weak donor/acceptor interaction, at the inter-
faces, low dark current, and subsequently high Voo, % as well as
high charge transfer energy state allowing for high charge
separation efficiency and subsequently high J,..>* Our findings
are consistent with observations in other molecular systems,
and suggest that obtaining high J. and V. simultaneously is
possible if we have good control of the thin film electronic and
morphological properties.'® More studies involving spectro-
scopic tools and theoretical calculations are underway to obtain
an in-depth understanding of the correlations between the
interfacial morphological/electronic properties and the device
characteristics.

Il CONCLUSIONS

In conclusion, we have demonstrated efficient planar hetero-
junction organic solar cells with small molecular weight azadi-
pyrromethens, a new family of solution-processable near-infrared
donor materials with high extinction coeflicients and broad
spectral absorption into the near-infrared region. Of particular
interest is a high open circuit voltage of ~0.8 V that has been
realized for the BO-ADPM/Cg, devices with photocurrent
generation up to 850 nm. A power conversion efficiency of
2.63% is among the highest values for planar heterojunction solar
cells with solution processed near-infrared donor layers. Our
work clearly shows the great potential of the application of
ADPM-based molecules in OSCs. Ongoing research involves
further improvement of the device performance with better
control on the molecular electronic and morphological proper-
ties of these small molecules.
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