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ABSTRACT: Photocurrent generation in organic solar cells
requires that excitons, which are formed upon light absorption,
dissociate into free carriers at the interface of electron acceptor
and donor materials. The high exciton binding energy, arising
from the low permittivity of organic semiconductor films,
generally causes low exciton separation efficiency and
subsequently low power conversion efficiency. We demon-
strate here, for the first time, that the exciton binding energy in
B,O-chelated azadipyrromethene (BO-ADPM) donor films is
reduced by increasing the film permittivity by blending the
BO-ADPM donor with a high dielectric constant small

——LUMO

molecule, camphoric anhydride (CA). Various spectroscopic techniques, including impedance spectroscopy, photon absorption
and emission spectroscopies, as well as X-ray spectroscopies, are applied to characterize the thin film electronic and
photophysical properties. Planar heterojunction solar cells are fabricated with a BO-ADPM:CA film as the electron donor and
Cqo as the acceptor. With an increase in the dielectric constant of the donor film from ~4.5 to ~11, the exciton binding energy is
reduced and the internal quantum efficiency of the photovoltaic cells improves across the entire spectrum, with an ~30%

improvement in the BO-ADPM photoactive region.
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B INTRODUCTION

The power conversion efficiencies (PCEs) of organic solar cells
(OSCs) reported in literature have increased significantly over
the last few decades from ~1% to more than 10%.'” These
remarkable advances have been driven by tremendous efforts in
understanding the OSC device operation and developing new
materials and architectures. Nevertheless, the PCEs of OSCs lag
behind those of their inorganic counterparts due in part to the
intrinsic properties of organic semiconductors. Organic semi-
conductors generate Frenkel excitons, Coulombically bound
electron-hole pairs with relatively high exciton binding energies
(Eg) due to their low dielectric constant, the presence of
significant electron-lattice interactions, and electron correlation
effects.'®"! The excitons that diffuse to the donor/acceptor
interface separate into free carriers provided that the energy
offset between the lowest unoccupied molecular orbital
(LUMO) levels of the donor and the acceptor (ALUMO) is
sufficient to overcome Eg,.'>** The efficiency of photocurrent
generation as a function of photon wavelength, the external
quantum efficiency (EQE), is a product of the efficiencies of the
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photocurrent generation steps as shown in Figure 1 and
described by eq 1,

Meqe = MMhqe = MW ep!lestlcc (1)

where 7, is the photon absorption efficiency, 77 is the internal
quantum efficiency (IQE), #ngp is the exciton diffusion
efficiency, #gg is the exciton separation efficiency, nr is the
carrier transport efficiency, and 5cc is the carrier collection
efficiency.

It is generally assumed that a sufficiently large ALUMO is
needed for efficient exciton separation; however, a large
ALUMO is also undesirable because it results in a low open
circuit voltage (V,.)."" A highly promising approach to
circumvent this limitation is to reduce the E,, of the electron
donor layer, thereby simultaneously achieving efficient 755 and
large V. and thus realizing enhanced EQEs and PCEs for
OSCs. Other approaches to increase the exciton separation
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Figure 1. Photocurrent generation occurs in several steps in OSCs,
each having its own efliciency. The steps in sequential order are light
absorption (17,), exciton diffusion (77pp), exciton separation (1),
carrier transport (177), and carrier collection (77¢¢). #gs is a function of
the difference between the exciton binding energy, E, and the
donor—acceptor LUMO offset, ALUMO.

efficiency include addin% ferroelectric polymers,"®'” applying
an external electric field,"® and p-type doping.'

The exciton binding energy is directly related to the
Coulombic potential between the electron and hole,
Ey, = ' /4mege,r ()

el

where e is the elementary charge, €, is the permittivity of
vacuum, &, is the permittivity of the material, and r is the
distance between the electron and hole. Equation 2 is a
component of the Bethe Salpeter equation, which is used to
calculate the exciton binding energy in organic semiconduc-
tors.”® As a result, eq 2 has important implications for how
permittivity affects exciton binding energy. Typical organic
semiconductors have a permittivity of &, ~ 3—4,>' resulting in
exciton binding energies of 0.3—1 eV,'%2272% which are
significantly higher than those of inorganic semiconductors,
e.g,, ~10 meV for silicon with a permittivity of 12."" According
to eq 2, increasing the permittivity should lead to a reduction in
E4. To this end, Engel et al. have demonstrated an increase in
free carrier generation in pentacene as a result of depositing it
on high dielectric constant substrates®" and, to push the limits
of organic photovoltaics, methods to increase the permittivity
of or§anic semiconductors have become increasingly impor-
tant.>**’

Herein, we demonstrate a very simple approach to lowering
Eg4 in organic thin films by blending a solution-processable
donor molecule, B,O-chelated azadipyrromethene (BO-
ADPM), with a high dielectric constant molecule, camphoric
anhydride (CA). The molecular structures are shown in Figure
2a and the band gap alignment is shown in the Supporting
Information Figure S1. The major advantages of BO-ADPM are
its intense broad absorption and narrow band gap of 1.5 eV,
which affords photocurrent generation in the near-infrared
region when coupled with the acceptor Cg.”® However, the
EQE values of the BO-ADPM/Cy, system are low, which is
partially due to the insufficient ALUMO to overcome E,
leading to a low #gg. This system, therefore, serves as a model
platform to study the effect of film permittivity on E, and 7.

B MATERIALS AND METHODS

The synthesis and characterization of BO-ADPM has previously been
reported.”® Polystyrene (PS), CA, sublimed grade Cg, and bath-
ocuproine (BCP) were purchased from Aldrich. Pre-patterned indium
tin oxide (ITO)-coated glass substrates were purchased from Thin

QO

0.4

< S A 0
N\_N _N=
‘B
Datad)
BO-ADPM CA
b
114
10
B -
= 8
£ 74
()
o 6
54
4
0 10 20 30 40 50
CA concentration (%)
c Energy (eV)
. 1642 31 25 21 18 16 14
e [, —o%cA
S {1 [\ —10%ca
S | | ==—20% CA
Z —30% CA
= 1\ |—40% ca
ko) V. |\—50% CA
3 ‘
g 08{ff |——Ce0
() \
]
O
[
RS
©
£
2
(i

00— .
300 400 500 600 700 800 900
Wavelength (nm)

Figure 2. (a) Molecular structures of the active donor material BO-
ADPM and highly polar molecule CA. (b) Plot of the relationship
between the concentration of CA in blended BO-ADPM:CA films and
the permittivity of the thin film. The line is a linear fit to the data
points. (c) UV—visible absorption spectra of BO-ADPM:CA blend
films at various weight ratios and Cgy,.

Film Devices, Inc. Poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) (Baytron PH S00) was purchased
from H. C. Starck. BO-ADPM:CA films were prepared by spin-casting
mixtures of BO-ADPM and CA films dissolved in tetrahydrofuran
(THF) at the appropriate ratios to create films with 10, 20, 30, 40, and
50 wt % CA. Both BO-ADPM and CA are highly soluble in THF and
the solutions were spin-cast within 24 h of forming the solution. OSCs
were fabricated in a planar heterojunction structure of ITO/
PEDOT:PSS(30 nm)/BO-ADPM:CA(20 nm)/Cg(35 nm)/BCP(8
nm)/Ag(100 nm). Control devices had a similar structure of ITO/
PEDOT:PSS/BO-ADPM:PS/Cg (35S nm)/BCP(8 nm)/Ag(100 nm),
where the CA has simply been replaced by PS for each weight ratio.

Devices were fabricated in the following steps. ITO-coated glass
substrates were cleaned by successive sonication in soap solution,
deionized water, acetone, and isopropyl alcohol for 15 min at 40 °C
and UV ozone cleaned for 10 min. PEDOT:PSS was spin-cast onto the
cleaned ITO coated glass substrate and baked at 140 °C for 20 min.
BO-ADPM:CA and BO-ADPM:PS solutions in THF (2 mg/mL) were
spin-coated onto the PEDOT:PSS film at 2000 rpm for 60 s.
Subsequently, C4,, BCP, and Ag were thermally evaporated under high
vacuum (~2X10° mbar) at rates of 1, 1, and 2 A s, respectively. The
Ag electrodes defined the devices with a shadow mask of 0.03 cm? in
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Figure 3. (a) BO-ADPM:CA/Cg, photovoltaic device structure. (b) Current density—voltage (J—V) curves of the highest efficiency BO-ADPM:CA/
Cgo devices of 6 devices. (c) IQE spectra calculated from reflectance and EQE spectra demonstrating an increase in IQE with increasing CA
concentration. (d) Tapping-mode AFM images of BO-ADPM:CA blend films with 10%, 20%, 30%, 40%, S0% CA have root-mean-square roughness
of 0.31, 0.33, 0.31, 0.34, and 0.37 nm, respectively. The scale bar represents 1 ym.

area. Additionally, PS:CA matrix films of varying weight ratios were
doped with constant weight percent of BO-ADPM to observe shifts in
the optical band gap in the absence of BO-ADPM aggregation effects.
These films were prepared by spin-casting solutions of PS and CA in
THF mixed to form 10, 20, 30, 40, and 50 CA wt % solutions with a
constant 0.05 wt % BO-ADPM.

Permittivity was measured via impedance spectroscopy of parallel
plate capacitors with the structures ITO/BO-ADPM:CA or
PS:CA:BO-ADPM (~200 nm)/Au(70 nm) using a Solartron SI
1260 Impedance—Gain/phase Analyzer at an AC level of 0.1 V and no
DC bias. The calculation of the permittivity from the impedance
spectroscopy measurement is described in the Supporting Information.

UV—visible absorption measurements of the thin films were
conducted with a CARY 5000 UV-Vis-NIR spectrophotometer.
Spectral reflectance of the full devices for IQE calculations was
measured using a CARY 5000 Internal Diffuse Reflectance accessory
with an integrating sphere and a polytetrafluoroethylene reference.
Photoluminescence (PL) and PL lifetime were measured using a
Horiba Nanolog Spectrofluorometer in a nitrogen protecting environ-
ment.

The current density—voltage (J—V) curves were measured with a
Thermal-Oriel 300 W solar simulator with AM 1.5G solar illumination
at 100 mW cm™ and a Keithley 236 source-measure unit. EQE spectra
were measured with a monochromator and calibrated with a silicon
photodiode up to 800 nm. Hole-only devices to determine hole
mobility in the BO-ADPM:CA films were fabricated with the structure
of ITO/PEDOT:PSS/BO-ADPM:CA/Au.

X-ray emission spectroscopy (XES) and x-ray absorption spectros-
copy (XAS) measurements were conducted at the Advanced Light
Source undulator beamline 8.0.1. BO-ADPM:CA films (100 nm) were
formed by spin-casting solutions onto Si substrates. We performed a
comparative study to address radiation damage concerns. Reliable data
were collected with the samples cooled to 90 K by liquid nitrogen and
a defocused X-ray beam with a minimum photon dose. In particular,
for the lengthy XES measurements, samples were kept itinerary with a
programmed motor on a stable cryostat, to prevent the X-ray beam
from remaining stationary on the sample surface. Additionally, XAS
was remeasured on a spot along the itinerary path of the sample
motion after the XES measurement to confirm the samples are free of
radiation damage. XAS spectra were collected in both total electron
and total florescence yield modes, which correspond to a probe depth
of several nanometers and about 100 nm, respectively. XES spectra
were collected through a Rolland circle soft X-ray spectrometer. The
experimental resolution of XES and XAS is about 200 and 80 meV,
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respectively, but the energy position of the spectral leading edges is
defined with much better precision, which is typical for soft X-ray
spectroscopy. The XES and XAS data shown are normalized to
collection time and photon flux monitored by a clean gold mesh.
Excitation energy for performing the XES experiments was high above
the absorption edge at 310 eV to avoid any resonance effects.

Atomic force microscopy (AFM) images were recorded on a Veeco
Nanoscope scanning probe microscope in tapping mode for spin-
coated BO-ADPM:CA films on PEDOT:PSS coated ITO/glass
substrates. All film thicknesses were measured using a Dektak 150
profilometer.

B RESULTS AND DISCUSSION

The effect of the CA concentration on the permittivity of the
blends of BO-ADPM and CA was studied using impedance
spectroscopy. The high solubility and low crystallinity of both
BO-ADPM and CA allowed uniform thin films to be prepared
via solution processing. As shown in Figure 2b, the film’s
dielectric constant at an AC frequency of 1000 Hz increases
linearly with CA wt % from 4.46 for the neat BO-ADPM film to
10.8 for the film with a 1:1 blend ratio. This is similar to the
literature reported tuning of the permittivity in red dye
DCM2:PS thin films upon CA doping.” Permittivity as a
function of frequency for each CA concentration is available in
the Supporting Information Figure S2. Blending BO-ADPM
with CA also resulted in a significant reduction of the film
absorption properties, as the high band gap CA molecule does
not absorb in the visible light region. Figure 2c shows the linear
decrease in absorption intensity with the increasing wt% of CA
blend films and resulting decrease in BO-ADPM content.
Planar heterojunction OSCs were fabricated with solution-
processed neat BO-ADPM and blended BO-ADPM:CA thin
films as the donor and vapor-deposited Cg, as the acceptor,
with a structure of ITO/PEDOT:PSS(30 nm)/BO-ADPM:CA-
(20 nm)/Cg(3S nm)/BCP(8 nm)/Ag(100 nm), shown in
Figure 3a. The J—V curves shown in Figure 3b represent the
highest efficiency device at each BO-ADPM:CA ratio and the
average device characteristics of 6 devices at each ratio,
including short circuit current density (J,.), Voo fill factor

oo

(FE), and PCE are listed in Table 1. The PCE of the 50:50
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Table 1. Photovoltaic Performance Parameters Taken as an Average of 6 Devices Including the Standard Deviation and Hole
Mobilities of BO-ADPM:CA Donor Blend Solar Cells with Different Weight Ratios of CA

BO-ADPM:CA weight ratio V,. (V) Ji. (mA/cm?)
100:0 0.550 =+ 0.006 —4.65 + 0.13
90:10 0.599 =+ 0.005 —4.83 + 026
80:20 0.587 + 0.015 —4.96 + 0.15
70:30 0.616 + 0.007 —4.95 + 0.26
60:40 0.628 + 0.017 —4.61 + 0.19
50:50 0.646 + 0.022 —441 + 042

FF (%) PCE (%) hole mobility (cm?/(V s))
52.6 + 4.6 1.34 + 0.10 4.06x107°
554 + 1.7 1.61 + 0.12 -
54.8 + 1.7 1.60 + 0.07 1.05x107°
56.3 + 0.7 1.72 + 0.10 -
543 + 1.7 1.57 + 0.03 2.11x1077
49.6 + 7.7 143 + 035

devices has a large standard deviation because the mixing is not
uniform at such high concentrations of CA. As a result, higher
concentrations of CA were not investigated. The results of the
BO-ADPM:CA donor devices are contrasted to the BO-
ADPM:PS control device data shown in Supporting Informa-
tion Figure S3. The control devices have the same structure as
the BO-ADPM:CA devices, but the higher permittivity CA is
replaced by the low permittivity (2.7) PS polymer for each
weight ratio. In the BO-ADPM:PS devices, no change was
observed in the V. upon increased concentration of PS in the
donor film and the ], dropped significantly with increased PS
concentration. It is important to note that all the BO-
ADPM:CA devices showed similar J,. values between 4.66
and 526 mA cm?, although they possess notably different
absorption efficiencies (#,), as shown in Figure 2c. The
relatively constant J,. upon decreased 77, suggests an increase in
IQE by the improvement of one or more of the remaining
photocurrent generation processes, i.e., §gp, Hgs H1 Hee 1O
confirm this, IQE spectra were calculated from EQE and
reflectance spectra, see Supporting Information Figure S4.
Indeed, upon increasing the CA concentration, the IQE spectra
(Figure 3c) show a clear enhancement throughout the entire
spectrum from 300 to 800 nm where BO-ADPM absorbs light
and contributes to photocurrent. The dissociation efficiency of
excitons generated in Cg, is also expected to increase slightly
due to the increased dielectric constant at the interface with the
BO-ADPM:CA donor. Note that the contributions to the IQE
from Cqy and BO-ADPM are difficult to decouple except in the
600—800 nm region, where only the BO-ADPM component
contributes to the photocurrent generation—the improvement
in the IQE is seen most clearly in this region. In the BO-
ADPM:CA devices, the increase in V. with increased CA
concentration is attributed to the increase in the dipole
moment at the interface between the BO-ADPM:CA and Cq,
layers.'**° A detailed investigation is ongoing to understand the
change in dipole moment at that interface.

We studied each photocurrent generation process described
in eq 1 to determine which are responsible for the increase in
IQE. First, the hole carrier mobilities of the BO-ADPM:CA
films were determined via space-charge limited current
measurements, with mobility values listed in Table 1. As
expected, a greater weight percent of CA, a non-conducting
molecule, in the blended film resulted in lower mobility in the
BO-ADPM:CA films and reduced hole transport efficiency.
Electron transport efficiency is considered constant, since the
same acceptor layer of C4, was used for all the devices. Thus, it
is likely that both ngp and 7 worsened or stayed constant,
preventing their contribution to the observed increase in IQE.
Moreover, because the same electrodes were used, #cc is
believed to be very similar for all the devices. Therefore, the
only remaining photocurrent generation process that could
possibly be responsible for the increase in IQE is #gg. #gg is
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influenced by both the morphological and electronic properties
of the donor—acceptor interface. Greater surface roughness of
the donor film in planar heterojunction devices creates a larger
donor—acceptor interfacial area, allowing for more exciton
separation sites and higher Ngs>>* But this is not the case for
the BO-ADPM:CA devices. AFM images in Figure 3d show
that the film topology is not altered by the incorporation of CA,
and that the films are extremely smooth, ie, a root-mean-
square roughness of 0.31 nm for the BO-ADPM neat film and
0.37 nm for the film with 50% CA. Thus, the observed increase
in IQE is not believed to be a result of greater donor—acceptor
interfacial area from morphological changes.

By process of elimination, the only remaining photocurrent
generation process contributing to the enhancement of IQE is
Ngs resulting from the difference between ALUMO and E.
Provided that CA is not chemically bonding to BO-ADPM in
the blended films, negligible changes to the BO-ADPM highest
occupied molecular orbital (HOMO) and LUMO levels are
expected. To confirm this hypothesis, we performed synchro-
tron-based XAS and XES, which probe the LUMO and HOMO
states respectively. For organic semiconductors, the combina-
tion of XAS and XES has been demonstrated to be effective in
probing the conduction and valence states.** >* We compared
the XAS and XES spectra collected on neat BO-ADPM and
50:50 ratio BO-ADPM:CA films. Figure 4a shows that the
leading edges of the XAS spectra, which correspond to the
LUMO states, remain exactly the same for both the neat BO-
ADPM and BO-ADPM:CA 50:50 films. XES experiments,
however, require a high X-ray dose and could cause radiation
damage when studying organic compounds.**** We thus
performed a comprehensive study on radiation damage
(Supporting Information Figures SS and S6) and collected
reliable XES spectra with a defocused X-ray beam on an
itinerary sample surface cooled to liquid nitrogen temperature.
Although the features in the XES spectra in Figure 4b are broad
due to the intrinsically low count rate of such a technique, the
XES leading edges, which correspond to the HOMO states of
the two systems, are at the same energy. Analysis on the
detailed lineshape of the XES and XAS spectra is not a topic of
this work; nonetheless, the soft XES and XAS data strongly
suggest that the HOMO and LUMO levels do not change upon
addition of CA into the film.

Absorption and PL spectroscopy were employed to
determine the change in E,. Although absorption spectroscopy
is commonly used to estimate the energy of the HOMO-
LUMO gap, or transport gap (Er), of organic semiconductors,
it is actually a measure of the optical band gap, Eol,.36’37 The
optical band gap and transport gap differ by E, E, = Er — E,,.
The normalized absorption spectra of the BO-ADPM:CA blend
films are shown in Figure Sa; the blue-shift in the lowest energy
absorption peak demonstrates a 32.7 meV increase in E,
which suggests that E, decreased by 32.7 meV. It is important
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Figure 4. (a) X-ray absorption spectroscopy measured in total electron
yield (TEY) and total fluorescence yield (TFY) modes provide
information about the surface and bulk of the film, respectively. The
LUMO levels of BO-ADPM and BO-ADPM:CA (50:50 wt %) are
shown to be identical with same edge onset energy. The peak at 287
eV indicates a composition variation between the surface and the bulk
of the BO-ADPM:CA film. (b) X-ray emission spectroscopy
demonstrates that the edge onset does not differ between neat BO-
ADPM and with 50% CA doping. The solid lines are smoothed data.

to note that the blue-shift in the absorption spectra could be
partially due to reduced intermolecular z—7 interactions as a
result of decreased BO-ADPM concentration in the film.

To eliminate 7—7 interaction effects and ensure that the peak
shift is in part due to the change in permittivity of the film,
absorption and PL spectroscopy of PS:CA films doped with a
low and constant concentration of 0.5% BO-ADPM were
measured. In the BO-ADPM doped PS:CA film absorption and
PL spectra (Figure Sb,c), a blue-shift of ~7 meV was observed
in the absence of BO-ADPM 7z—7 interactions. Unfortunately,
the addition of PS significantly reduces the enhancing effect of
CA on the permittivity of the film. The BO-ADPM doped PS
film without CA has a permittivity of 2.73, which increases to
only 5.74 for the doped PS film with 40% CA (see Supporting
Information Table S2); this is much lower than the permittivity
of BO-ADPM:CA films without PS. The PL quantum efliciency
decreases and the exciton lifetime does not change significantly
upon the increase of CA concentration, indicating increased
nonradiative decay and decreased radiative decay rates, as
shown in Supporting Information Figure S7. This is not
surprising, as the energy shift of the lowest excited state could
lead to a higher intersystem cross rate, which quenches the
emission.*® These findings support the observed decrease of Ey,
with increasing film dielectric constant, which leads to higher
exciton separation efliciency, though it is difficult to decouple
m—n interaction and permittivity effects.

H CONCLUSION

In summary, we have demonstrated the enhancement of
exciton separation efficiency by decreasing the exciton binding
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Figure S. (a) Normalized absorption spectra of BO-ADPM:CA films,
(b) normalized absorption spectra of PS:CA films doped with BO-
ADPM, and (c) normalized PL spectra of PS:CA films doped with
BO-ADPM show a blue-shift with increasing CA concentration.

energy in operating organic solar cells. The reduced exciton
binding energy was realized by increasing the film permittivity
and decreasing the intermolecular 7z—7x interactions, ie.,
blending the electron donor BO-ADPM with a high dielectric
constant small molecule CA. An increase in IQE across the
entire spectrum was achieved, with a 30% increase in IQE at A=
770 nm, by increasing the dielectric constant of the donor film
from 4.46 to 10.8. Our findings suggest organic semiconductors
with high permittivity have great potential in improving the
power conversion efficiency of organic solar cells. We are
currently pursuing further studies with other small molecule
systems, which should prove insightful as to the application of
this approach. The concept of reducing the exciton binding
energy could be especially meaningful for OSCs with low band
gap materials, where the LUMO energy offset is often
minimized.
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B ABBREVIATIONS

PCE, power conversion efficiency

OSC, organic solar cell

E,, exciton binding energy

LUMO, lowest unoccupied molecular orbital
EQE, external quantum eficiency

IQE, internal quantum efficiency

Voo Open circuit voltage

BO-ADPM, B,O-chelated azadipyrromethene
CA, camphoric anhydride

BCP, bathocuproine

ITO, indium tin oxide

PEDOT:PSS, poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate)

THE, tetrahydrofuran

PL, photoluminescence

J—V, current density—voltage

XES, x-ray emission spectroscopy

XAS, x-ray absorption spectroscopy

AFM, atomic force microscopy

Jio short-circuit current

FF, fill factor

HOMO, highest occupied molecular orbital
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