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ABSTRACT: We demonstrate planar organic solar cells consisting of a series of comple-
mentary donor materials with cascading exciton energies, incorporated in the following
structure: glass/indium-tin-oxide/donor cascade/Cgo/bathocuproine/Al. Using a tetracene
layer grown in a descending energy cascade on S,6-diphenyl-tetracene and capped with
5,6,11,12-tetraphenyl-tetracene, where the accessibility of the 77-system in each material is
expected to influence the rate of parasitic carrier leakage and charge recombination at the
donor/acceptor interface, we observe an increase in open circuit voltage (V) of approxi-
mately 40% (corresponding to a change of +200 mV) compared to that of a single tetracene
donor. Little change is observed in other parameters such as fill factor and short circuit current
density (FF = 0.50 £ 0.02 and J,. = 2.55 & 0.23 mA/cm”*) compared to those of the control
tetracene —Cgg solar cells (FF = 0.54 & 0.02 and J,. = 2.86 = 0.23 mA/cm?). We demonstrate
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that this cascade architecture is effective in reducing losses due to polaron pair recombination at donor—acceptor interfaces, while
enhancing spectral coverage, resulting in a substantial increase in the power conversion efficiency for cascade organic photovoltaic

cells compared to tetracene and pentacene based devices with a single donor layer.

KEYWORDS: organic solar cells, photovoltaics, excitation transfer, energy cascade, open circuit voltage, polaron pair,

charge transfer state

B INTRODUCTION

As aresult of the use of low-cost materials, ease of processing,
and recent increases in power conversion efficiencies," organic
photovoltaic (OPV) cells have attracted considerable attention
as a potentially practical approach to solar energy harvesting.”
Although organics have found uses in light emitting diodes® and
organic thin film transistors® and sensors,” the current OPV
performance (including efficiency, reliability, and a demon-
strated low cost path to manufacture) falls short of that required
to make this technology attractive for widespread deployment.
One promising avenue for improving their power conversion
efficiency (77,,) is to increase the short circuit current density (J.)
by harvesting photons across the solar spectrum. However,
maximizing the electrical output power density (Pp.,), resulting
in high 7, requires balance among materials properties to also
achieve high open circuit voltage (V) and fill factor (FF = P,/
JocVoo). Here, we demonstrate an energy cascade architecture
that distributes materials requirements among several comple-
mentary absorbing layers. This approach allows the control of
interfacial electronic coupling to maximize V., while enhancing
spectral coverage for increased short circuit current. While cascade
device architectures have been previously considered for spatially
directing excitation, the potential for such architectures to relax
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material design rules, which are otherwise difficult to fulfill using
conventional single-donor architectures, goes beyond the pre-
vious reports of cascade architectures that focused primarily on
improving energy transfer across the donor region of an OPV.°

The Cascade Concept. Optical-to-electrical energy conver-
sion in OPVs occurs as a result of photoinduced electron
transfer between an excited molecular electron-donor (D) and
an electron-accepting molecule (A). Alternatively, electron
transfer between D and an excited A is also possible. Photon
absorption leads to a localized excited state (exciton) that
diffuses to the donor/acceptor interface. Charge transfer
quenching of the exciton at the D/A interface produces a
Coulombically bound polaron pair or charge transfer (CT)
state, represented as D © A”. The separation of charge from
the CT state produces free holes and electrons that are collected
at the anode and cathode, respectively. Ultimately, J., Vo, FF,
and 77, are determined by the thermodynamics and kinetics of
several processes. Separate optimization of these processes is the
motivation for the cascade architecture.
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Figure 1. Schematic of the photoactive region for an example cascade
architecture in which the donor layer comprises three complementary
materials: Dy, D,, and D5.

Often, properties of a specific donor material that favorably
impact one performance metric negatively impact another. For
example, molecular geometries that frustrate intermolecular
electronic interactions have been implicated in increasing Voo
however, exciton diffusion and charge transport are generally
enhanced by strong interactions in these materials.® This com-
petition makes it difficult to identify a single donor or acceptor
material that fulfills these conflicting requirements. As an alter-
native, consider the architecture in Figure 1, where the donor
region of the device is partitioned into a multilayer stack of
complementary materials, D}, D,, and D3, with thin layers of D
and D; as “bookends” to the principal donor layer, D,. Here, D5
is designed to prevent exciton diffusion to the anode and
suppress dark current, while D, is chosen to facilitate exciton
transfer to the D/A interface while leading to an increased V.. In
this work, we demonstrate such an architecture that distributes
materials requirements among several absorbing layers whose
frontier orbital energies promote exciton diffusion toward the
donor—acceptor junction. This results in a high V. while
improving the solar spectral coverage to yield a high short circuit
current.

B EXPERIMENTAL METHODS

Materials. Tetracene (Aldrich; 98%), rubrene (Aldrich; powder),
pentacene (Aldrich; 93.5%), aluminum phthalocyanine chloride (Aldrich;
85%), Cso (MER; 99+%), and bathocuproine (Aldrich; 96%) were
obtained from commercial sources and purified via thermal gradient
sublimation (~0.2 uTorr). Aluminum (Alfa Aesar; 99.999%) and
molybdenum trioxide (Aldrich; 99.5%) were obtained from commercial
sources and used as received. 5,6-Diphenyl-tetracene (Dpt) and
5,6-dinaphthyl-tetracene (Dnt) were prepared as reported elsewhere.”
Glass substrates commercially coated with ITO (thickness, 1500 =+
100 A; sheet resistance, 20 + S ©/cm?; transmission, 84% at 550 nm)
were purchased from Thin Film Devices Inc.

Film Growth and Characterization. Device substrates were
solvent-cleaned and placed in an ozone atmosphere (UVOCS T10X10/
OES) for 10 min immediately before they were loaded into the high
vacuum (~2 uTorr) deposition chamber. Layer thickness and deposi-
tion rates were monitored by a quartz crystal microbalance (Inficon)
calibrated using monochromatic (Rudolph Technologies, Inc.; Auto
EL) or spectroscopic (J. A. Woollam Co., Inc.; WVASE32) ellipsometry.
Films of Dpt, rubrene (Rbn), and aluminum phthalocyanine chloride
(CIAIPc) were grown by thermal evaporation at a rate from 0.5 to 1.0 A/s,
and tetracene (Ttn) and pentacene (Ptn) films were grown at the rates
18.0—20.0 and 8.0—15.0 A/s, respectively. A growth rate of 2 A/s was
used for MoO3, Cgo, BCP, and Al Unless otherwise specified, 1000 A

thick Al cathodes were used. Condensed phase optical measurements
were performed on solvent-cleaned glass, quartz, or polished silicon
substrates using an Agilent 8453 spectrophotometer and Photon
Technology International fluorimeter. Thin film transflectance measure-
ments were performed on multilayer samples in a Perkin-Elmer Lambda
950 UV/vis/NIR spectrophotometer with a 150 mm diameter integrat-
ing sphere, using Al-coated glass as a reference. Atomic force microscopy
(AFM) was performed using a Digital Instruments Nanoscope Dimen-
sion 3100 atomic force microscope. Grazing incidence X-ray diffraction
measurements were performed on a Rigaku Ultima IV diffractometer
using a Cu Kot radiation source (4 = 1.54 A).

Device Characterization. Current—voltage measurements were
performed at ambient temperature using a Keithly 2420 SourceMeter in
the dark and under corrected 1 kW m ™~ white light illumination from a
300 W xenon arc lamp (Newport Oriel Product Line) equipped with an
AM 1.5G filter. Spectral mismatch correction was performed as de-
scribed in the literature'® using a silicon photodiode (Hamamatsu
S1787-04, 8RA filtered or S1787-12, KGS filtered) calibrated at the
National Renewable Energy Laboratory (NREL) and frequency modu-
lated illumination (250 Hz) from a Xe source coupled to a Cornerstone
260 '/4m monochromator (Newport 74125) in conjunction with an
EG&G 7220 DSP Lock-In amplifier. This monochromatic system was
also used to collect all external quantum efficiency data.

B RESULTS AND DISCUSSION

Charge Recombination and Open Circuit Voltage. Charge
recombination at the donor/acceptor (D/A) interface is a
principal source of the dark current that limits V,..'>'" This
reaction between positive (at D”) and negative (at A™) polarons
bound at the interface D © A~ occurs at a rate which can be
described by the Marcus theory for outer sphere electron
transfer. As previously determined, the rate constant for recom-
bination (k...) can be obtained from the current density (J) vs
voltage characteristics in the dark, given by'?

V- V —JR;
] ZL{eXp<qTq{RS> — 1} + R—]_]ph (1)
P

where R, and R, represent all series and parallel specific

resistances that often serve as proxies for a range of charge
o 11b :

transport and recombination processes. " Also, ], is the photo-

current density, n is the ideality factor, and J is the saturation

current density. Because eq 1 can be rewritten at open circuit (J =

0) to give eq 2,
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where we assume R, — 00, R;— 0, and J,,1, > ], we conclude that
minimizing k.. will decrease J;, maximizing V,, as previously
observed. "> 111813 15 the  recombination-limited forward
bias regime (where n ~ 2),Hab14 polaron dynamics influence
the maximum value of V. in organic solar cells. These dynamic
parameters include the rate of free polaron reaction with trapped
polarons of opposite charge at the D/A interface to form
polaron pairs (or charge transfer complexes, D * A7), the
reaction order for charge carrier recombination,"® and the rate of
polaron pair recombination. Significant attention has also been
given to determining macroscopic rate laws for bimolecular
charge recombination, with the results suggesting that such
kinetics influence both V,. and FE.'>'® Recently, interest in
defining molecular properties that give rise to the voltage losses
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Scheme 1. Chemical Structures for Tetracene (Ttn), 5,6-
Diphenyl-tetracene (Dpt), Rubrene (Rbn), and 5,6-Di-
naphthyl-tetracene (Dnt)
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subsumed under J; in eq 2 has increased.””!'!” The saturation
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current density has been previously expressed as
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where the rate constant is k., ct for CT-to-neutral state recom-
bination for a symmetric device with identical electron and hole
transport properties and trap distributions. Here, the volume
occupied by the CT complexis (4/37) a’, keis the rate constant
for the reaction of free polarons with oppositely charged polarons
trapped at the D/A interface to form D "A™, N is the density of
states for the donor HOMO or the acceptor LUMO, H is the
total trap density, and kg ¢t is the rate constant for the dissocia-
tion of D *A™ to yield free polarons. As previously described,''”
Mgym is the ideality factor for the symmetric device. The quantity
AEyy, is the energy difference between the highest occupied
molecular orbital (HOMO) of the donor and the lowest
unoccupied molecular orbital (LUMO) of the acceptor, along
with any shift due to formation of an interface dipole.'*** Note
that k¢ is determined by the dielectric constant and charge
mobility in the organic layers. All else being equal, from eqs 2
and 3, it follows that suppression of J; by limiting kyeccr will
maximize V.

While radiative contributions to J, such as charge transfer state
emission,® have been observed for organic solar cells, nonradia-
tive contributions to ], have been identified as a significant source
of voltage loss."* Hence, one route to maximize V. is to limit the
nonradiative decay rate of D *A” at the D/A interface.''® The
nonradiative contribution to k.cr is given by the Marcus
theory, as follows:

4% 1 —(AG® + 1)
Keer = - Hj { ( ) } (4)

" e
i JamkT T\ 4AkT

where h is Planck’s constant, Hj; is the electronic coupling matrix
element between the initial charge transfer state (j) and the final
neutral state (i), A is the reorganization energy, and AG® is the
total change in free energy. For AG® > A, nonradiative recombi-
nation occurs in the Marcus inverted regime, with kﬁECT dec-
reasing exponentially with the square of AG°.

The V. has been shown to be proportional to the energy
difference, AEyy;. In this context, AEy; ~ AG°. Hence, an
increase in AEyy; decreases k?eIECT and J, thereby leading to an
increase in V.. Here, we explore the alternative route to dec-
reasing kEECT and J; by decreasing electronic coupling at the
D/A interface, that is, by decreasing Hj; rather than increasing AEyy; .

Decreasing Hj; has been suggested as a route to increasing
V,..”'*” We have shown that increasing the separation between
the donor and acceptor by adding steric bulk to the donor”™ or
acceptor17 moieties can result in an increase in V.. Increasing the

D/A molecular separation leads to a decrease in the electronic
interaction between the donor and acceptor and, thus, a decrease
in Hy;. Unfortunately, adding steric bulk to a molecular species
can have unintended side effects, because the bulkier molecule
will have a lower molecular density and will give lower absorption
coeflicients. The added steric bulk may also lead to reduced
exciton diffusion lengths and charge carrier mobilities. For
example, the open circuit voltage was observed to correlate with
increasing 77-system shielding for the series (chemical structures
shown in Scheme 1) tetracene (Ttn, V,. = 0.55 V) < 5,6
diphenyl-tetracene (Dpt, V,. = 0.65 V) < rubrene (Rbn, V, =
0.92V) < §,6-dinaphthyl-tetracene (Dnt, V.= 1.06 V) in acene/
Cgo based devices,7b’9 despite their similar HOMO energies.9’20
The observed V,,. enhancement is a result of a reduced Hj; as a
result of steric shielding by the aryl substituents.”” However,
while Ttn forms dense polycrystalline thin films with a high
absorption coefficient and related exciton and charge transport
properties,”" the other three materials form amorphous films,
resulting in low device fill factor and photocurrent for the ITO/
acene/Cgo/BCP/Al OPVs.” We show below that the cascade
donor architecture is effective in balancing these potentially
contradictory requirements.

Identifying and Characterizing Cascade Donor Structures.
Donor materials for cascade structures were considered on the
basis of the energy ordering of the excitonic states (Egy,) for
materials D;—D; (D3 > D, > D;) to form an excitation transfer
pathway to the D/A interface. This is illustrated in Figure 2a for
the series Dpt, Ttn, and Rbn, where the intersection of the thin-
film excitation and emission spectra gives Eqq for these fluor-
escent materials. We note that evidence exists in support of the
presence of thermally activated singlet exciton fission in Ttn
films,** making this material an interesting candidate for high
efficiency solar cells,” as previously suggested.** The orthogon-
ally oriented phenyl rings of Dpt and Rbn couple slightly to the
tetracene core, red shifting the solution absorption compared to
that of Ttn by A = 10 and 30 nm, respectively. However, while
molecular aggregation significantly red shifts the thin film Ttn
absorption, the neat Dpt and Rbn spectra are relatively unper-
turbed. As a result, the S; exciton energies for this series are
consistent with the cascade criterion, as shown in Figure 2a.
Excitation in Dpt may Forster transfer to Ttn and, likewise, Ttn
excitations to Rbn. We note that interfacial excitation transfer
between chromophores via electron exchange (Dexter mecha-
nism) may also occur and that Ttn*** and Rbn>® possess similar
lowest triplet excited state energies of 1.3 eV. Thus, we anticipate
no blocking of triplet excitons produced via activated singlet
fission in the Ttn layer at the Ttn/Rbn interface.

To ensure monopolar charge transport, the ionization energy
(E¥*) forD*—D" + e of, for example, D relative to the electron
affinity of material D,, must lead to endergonic exciton dissocia-
tion at the D3/D, interface. This criterion is also met by the Dpt/
Ttn/Rbn system as depicted in Figure 2b. Barriers to hole
injection from D; to D, and from D, to D3 must be minimized
to preclude charge tr:;pping. As in Figure 2b, hole in;ection from
Rbn (E; = —5.3 eV)** to Ttn (E; = —5.3 eV)***?’ is thermo-
neutral and is only slightly endothermic from Ttn to Dpt (E; =
—54 eV).28 Thus, the cascade structure Dpt/Ttn/Rbn, where
D3 =Dpt, D, = Ttn, and D; = Rbn, meets the excitation transfer
requirements while introducing a minimal barrier to charge
extraction.

The thin film excitation and emission spectra for Ttn, Dpt, and
Rbn in Figure 2a exhibit significant spectral overlap. To determine

4134 dx.doi.org/10.1021/cm200525h |Chem. Mater. 2011, 23, 4132-4140



Chemistry of Materials

25
28¢ r r Forster P Gy
26-EX? . % L é s Excitation 0f  ST¥e o Twipt
. 1 Transfer 3 "\ qbl
3 2.4k e S 'y S SR we
; Em - S g %y 8
g 22| » ~ CT o 10f  f ,
5 Gharge e 1, Ban
20 [ - S Transfer s T
18 38 Quenching ol ,
Dpt Ttn Rbn SQ u% 400 500 600 700
0 Wavelength (nm)
a) c)
LUMO —18
D+ =D 26 — 26 ~4kT PPt
D* - D*+ e -2.9 -2.9 3.0 =~ Tﬁ 2.46
S 7 238 T
> 2.31
2
i Rbn
D—D*+e -5.4 -5.3 -5.3
HOMO Sy
b) Dpt (eV) Ttn (eV) Rbn (eV) d)

Figure 2. (a) Cascading exciton energies for the series diphenyltetracene (Dpt), tetracene (Ttn), and rubrene (Rbn) shown by neat film excitation (Ex)
and emission (Em) spectra. While this mechanism suggests Forster-assisted excitation transfer of singlet excitons, note that electron exchange (Dexter
type) and the transfer of triplet excitation may also lead to the population of the charge transfer (CT) state at the charge donor/acceptor interface.
(b) Thin film ionization energies (black), excited state ionization energies (red), and electron affinities (blue) for Dpt, Ttn, and Rbn. Broken lines represent
values estimated from solution electrochemical data as previously reported.>* Solid lines represent values measured or derived from ultraviolet

photoelectron spectroscopy”*27> 274

or inverse photoemission spectroscopy data?**** (c) External quantum efficiency for photovoltaic devices

consisting of ITO/donor/Ceo (400 A)/BCP (100 A)/Al where the donor is a 650 A thick Ttn film coated with an additional 50 A of either Rbn (red circle),
Dpt (blue circle cross), or Ttn (open circle). (d) Optical excitation energies derived from part a, suggesting excitation transfer from Ttn to Dpt, will be
endothermic by ~4kT, while excitation transfer from tetracene to rubrene will be slightly exothermic, resulting in the EQE shown in part c.

the excitation transfer efficiency through the interfacial layer, we
measured the external quantum efficiency (EQE) for devices in
which absorption occurs primarily in a thick layer of tetracene,
followed by insertion of a thin interfacial layer of either Dpt, Ttn,
or Rbn. The EQE data for Cgp-acceptor-based OPVs with 650 A
thick nanocrystalline tetracene donor films coated with 50 A of
Ttn, Dpt, or Rbn (ie, ITO/Ttn (650 A)/acene (50 A)/Cqo/
BCP/Al) are shown in Figure 2c. These devices derive their
primary acene absorption from the thick Ttn layer, ensuring
consistent Ttn film morphology in all three devices because all
three devices have Ttn layers deposited directly on ITO. Thus,
we expect that the exciton diffusion length in the bulk of the
donor layer (ie, Ttn) is unchanged for the three devices.
Differences in EQE for the OPVs with a 50 A Ttn, Dpt, or
Rbn layer are, therefore, primarily as a result of differences in
exciton transfer efficiency at the Ttn/acene interface. The Ttn-
and Rbn-capped devices yield nearly identical EQE responses.
However, the Dpt-capped device exhibits a 30% reduction in
EQE. Excitation transfer from Ttn to Dpt is slightly endothermic,
as shown in Figure 2d. Thus, the Dpt layer reduces the migration
efficiency of excitons from Ttn to the D/A interface, leading to a
small loss in EQE for Ttn/Dpt, while excitation transfer in Ttn/
Rbn does not reduce EQE. These data suggest that eflicient
excitation transfer will also occur in the excitation-cascade system
according to Figure 1, where D; = Rbn, D, = T'tn, and D; = Dpt.

The performances of cascade solar cells consisting of ITO/
Dpt (x)/Ttn (y)/Rbn (z)/Cgo (400 A)/BCP (100 A) /Al x +y +
z = 450 A, were compared to those of a tetracene-based single
donor device (y = 450 A, x, z = 0, device A). Several OPVs have
been reported with Ttn donor and Cgy acceptor layers, with
power efficiencies ranging 77, = 0.6—2.3%.71%%42% The
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variability in the efficiencies reported is due to the variation of
a number of parameters, including materials purity, device
architecture, deposition conditions for the organic and electrode
materials, and OPV testing conditions such as light intensity and
temperature. All of the devices reported here were prepared
using high purity multiply sublimed materials and identical
deposition conditions, and they were tested under 1 sun illumi-
nation corrected for spectral mismatch'® using a filtered silicon
photodiode calibrated at the National Energy Renewable La-
boratory (NREL) to give efficiencies at AM1.5G spectral irra-
diance, as described in the Experimental Methods. The data are
for a single typical device taken from a population fabricated in
a single fabrication run. In Figure 3a the J—V characteristics
for device B with x = S0 A, y = 200 A, z = 200 A are compared
to those of device A in the dark and under AM 1.5G 1 sun
(1 kw/ mz) illumination. For device A, we obtain V. = 0.54 +
0.01 V, J.. = 2.86 & 023 mA/cm? and FF = 0.54 + 0.02.
However, for device B (see Table 1), we see a 200 mV en-
hancement in photovoltage, resulting in V,. = 0.74 £ 0.01 V,
with J,c =2.55 4 0.23 mA/cm? and FF = 0.50 % 0.02, comparable
to those of device A.

The small discrepancy in J,. between devices A and B is
attributed to two factors: (i) a reduced exciton diffusion length
for Ttn grown on Dpt rather than directly on the ITO in device A
(on the basis of X-ray diffraction studies, vide infra) and (ii) lower
absorption coefficients for the Dpt and Rbn layers relative to Ttn
(see the Supporting Information). This is supported by device C,
where the donor layer is composed of 100 A Dpt and 350 A Ttn.
This device gives a markedly lower J. than device A, as expected
for both factors i and ii. The FF of device C is also lower than that
of either device A or B, consistent with the reduced hole

dx.doi.org/10.1021/cm200525h |Chem. Mater. 2011, 23, 4132-4140
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conductivity for Dpt. In addition, singlet exciton fission in the
Dpt layer, for which the T state is slightly lower in energy than
the T, state of Ttn,>' may lower the quantum yield for excitation
transfer from Dpt to Ttn. These observations are also consistent
with the data showing that device B (V,,. = 0.74 £ 0.01 V) does
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Figure 3. (a) Electrical characteristics for the tetracene-based cascade
devices B (red open square) and C (blue circle cross), relative to device
A with only a single tetracene donor (open circle). Characteristics
recorded under 1 sun AM1.5G illumination are shown as open symbols,
and those recorded in the dark are shown as closed symbols. Devices B
and C give roughly 200 mV higher V. than device A. Devices consist of
ITO/Donor (450 A)/Cg, (400 A)/BCP (100 A)/Al, where Donor is
either a single layer of neat Ttn (device A) or Dpt (50 A)/Ttn (200 A)/
Rbn (200 A) (device B) or Dpt (100 A)/Ttn (350 A) (device C). Inset:
Semilog plot of the current—voltage characteristics. (b) Spectral absorp-
tion for organic layers in devices A and B (upper panel). The correspond-
ing external quantum efficiencies (EQE) are plotted in the lower panel.

not completely recover the photovoltage produced in single-
donor Rbn devices (V,. = 0.92 V) with the structure ITO/Rbn
(200 A)/Cgo (400 A)/BCP (A)/Al (see Table 1.) Moreover,
although the Rbn and Dpt/Ttn/Rbn devices produce compar-
able photocurrents, J,. = 2.4 £ 0.2 and 2.6 + 0.2 mA/cm’,
respectively, the FF for the Rbn device is only 0.43, which is lower
than that of either device A or B, which incorporate crystalline
Ttn layers.

We used two approaches to determine whether the enhanced
V. for the cascade structure is due to kinetic or thermodynamic
effects. In the first, we coat the ITO anode with MoO;, markedly
increasing the anode work function by ca. 2 eV to WF =~
—6.8 eV.** For tetracene-based single donor OPVs with the
structure ITO/MoO; (100 A)/Ttn (450 A)/Ceo (400 A)/BCP
(100 A)/Al, analogous to device A, we obtain V,. = 0.53 %
0.01 V, nearly identical to that on ITO-only anode devices.
Likewise, for the device B analogue, we observe V,. = 0.74 &
0.01 V, again unchanged from the uncoated ITO, device B.
Hence, we infer that the difference in V. between devices A and
B arises primarily from the kinetics of molecular electron transfer,
rather than from changes in the built-in potential imposed by the
Fermi level offset between dissimilar electrodes.

In the second approach, we examined the impact of further
shielding the acene 7-system at the ITO interface. The ortho-
gonal naphthalene moieties of S,6-dinaphthyl-tetracene (Dnt)
protrude approximately 3.5 A perpendicular to the plane of its
tetracene core. However, the Dnt HOMO energy, ca. —5.37 eV
relative to vacuum, is commensurate with those of Dpt and Ttn.
Cascade devices consisting of ITO/Dnt (50 A)/Ttn (350 A)/
Rbn (50 A)/Cgo (400 A)/BCP (100 A)/Al exhibited inflection
points in their J—V characteristics, resulting in a low fill factor
(FF = 0.32 & 0.02), suggesting that the Dnt inhibits charge
extraction at the anode. These data reflect the primarily kinetic
perturbation induced by shielding the 77-system of the material.

The external quantum efficiency for the cascade structure
(device B) in Figure 3b is lower than that of device A between 4 =
450 and 550 nm. To account for the loss of photocurrent in
device B, we performed optical transflectance measurements on
organic multilayer stacks identical to those used in both devices
but supported on ITO-free glass substrates and uniformly coated
with Al (1000 A). This technique accounts for optical inter-
ference and allows the ratio of photons absorbed in the organic
layers relative to the number of incident photons to be estimated.
Absorption data corresponding to devices A and B are plotted in
Figure 3b, showing the largest difference of 20% between A = 500
and 550 nm. This results from lower absorption coefficients

Table 1. Performance of Cascade and Single-Donor Organic Solar Cell Devices with Structure ITO/Donor/Cgo 400 A/BCP

100 A/Al 1000 A

device” donor J.k 4+ 02 mA/cm?®
A Ttn 2.9
B Dpt/Ttn/Rbn 2.6
C Dpt/Ttn 14
ref 9 100 A Dpt 11
ref 7b 200 A Rbn 2.4
D Ptn 5.6
E Ptn/ClAIPc 8.3
ref 30° 200 A CIAIPc 74

Voo £ 001V FF + 0.02 7,0 £ 0.1%
0.54 0.54 0.83
0.74 0.50 0.95
0.79 0.37 0.41
0.65 0.41 0.30
0.92 043 0.92
0.25 0.40 0.55
0.36 0.46 1.39
0.68 0.50 2.10

A, donor = Ttn (450 A); B = Dpt (50 A)/Ttn (200 A)/Rbn (200 A); C = Dpt (100 A)/Ttn (350 A); D = Ptn (600 A); E = Ptn (600 A)/CIAIPc
(300 A). * Under simulated 1 sun illumination, as described in the Experimental Methods. “ Ag cathode.
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Figure 4. (a) Schematic representation and topographical images
obtained by atomic force microscopy for 600 A thick tetracene (Ttn)
films grown on pristine ITO or ITO coated with 50 A diphenyltetracene
(Dpt). (b) Grazing incidence X-ray diffraction (GIXD) peaks for the
samples in part a.

at A = 522 nm for Dpt and Rbn, & = 0.19 x 10° and 0.55 x
10° cm ™, respectively, while Ttn has o0 = 1.20 x 10° cm™ ' at the
same wavelength. Note that the Dpt and Rbn layers are thinner
than the Ttn layer, so the difference in absorbance of the single
and multilayer films is not as great as differences in o.. Estimating
an internal quantum efficiency at A = 520 nm, according to
IQE(A) = EQE(X)/n.(A), where n,(A) is the spectral absor-
bance, one obtains IQE ~ 35% for device A but only 23% for
device B. Thus, diminished absorption does not completely
account for the photocurrent losses in the latter device.

Because exciton dynamics®****" and charge mobility
pend on morphology, we compared Ttn films grown on Dpt-
coated ITO with Ttn films grown directly on ITO. We employed
atomic force microscopy and grazing incidence X-ray diffraction
(GIXD) to determine surface topography and film morphology.
The AFM topographs in Figure 4a for Ttn films grown on ITO
and ITO/Dpt exhibit similar submicrometer features, with a root
mean square roughness of 9 nm, which is large as a result of
film crystallization. The GIXD spectra for ITO/Dpt (50 A)/Ttn
(600 A) and ITO/Ttn (600 A) samples in Figure 4b exhibit a Ttn
(001) peak at 26 = 7.1°, with full widths at half maxima of 0.62°.
Films of Dpt on ITO substrates do not show any discernible
X-ray diffraction peaks. However, the intensity in the ITO/Dpt/
Ttn spectrum is only 20% of that of the ITO/Ttn sample,
implying smaller, misaligned crystalline domains in the ITO/
Dpt/Ttn films. Because shorter exciton diffusion lengths are
expected for materials disrupted by small domains,* these data
suggest that the lower IQE for device B likely stems from reduced
exciton diffusion through the Ttn layer.”"*

An ideal cascade structure should enhance spectral coverage
and, thus, J,, without incurringlosses in V.. The tetracene-based
donors used in device B, however, have similar absorption
profiles, and thus, to extend spectral coverage, we used cascade
structures consisting of a combination of pentacene (Ptn) and
aluminum phthalocyanine chloride (CIAIPc) as donors. The
principle vibronic progression of Ptn, shown in Figure Sa, is

8b,35 de_

a) b) 2 . = Ptn/CIAIPc
A PSS e CIAIPc
35 15}
< IS
: g
g g v
g 5L el

00500 600 700 800 600
Wavelength (nm)

Wavelength (nm)

Figure S. (a) Absorbance spectra for vapor deposited thin films of Cg
(dashed black trace), pentacene (Ptn, dotted red trace), and chloroalu-
minum phthalocyanine (CIAIPc, solid blue trace). The inset depicts the
lowest singlet and triplet excitonic state energies for Ptn and ClAIPc. (b)
External quantum efficiencies illustrating excitation transfer from Ptn to
CIAIPc in the cascade device comprising a Ptn (300 A)/CIAIPc (300 A)
donor layer (solid red trace) compared with a single 300 A CIAIPc donor
layer (dotted blue trace) in ITO/donor/Ce, (400 A)/BCP (100 A)/Al

devices.

red shifted by ca. 150 nm relative to Ttn. Moreover, Ptn has been
shown to possess a high hole mobility.>® The open circuit voltage
for Ptn-based devices is generally low, typically V,. = 0.25 %+
0.01 V (device structure = ITO/Ptn (600 A)/Cg,(400 A)/BCP/
Al). Although its ionization energy, —4.9 eV,*” should lead to
AEy, =12 €V, the low V, is likely due to rapid charge recom-
bination at the Ptn/Cg heterointerface, possibly a result of the
planar structure of Ptn.”"* As is the situation for Ttn based
devices, several groups have published Ptn/Cgo based OPVs,
with efficiencies ranging from 0.55% to 2.1%% and V,_ as high as
0.35 V. The device parameters reported in Table 1, device E, are
comparable to reported values.

Note that CIAIPc forms an energy cascade with Ptn, analogous
to the Ttn-based materials series. CIAIPc is transparent between
A =400 and 600 nm, and its intense low energy Q-band at A, =
740 nm falls below the Ptn optical absorption edge, as shown in
Figure Sa. The S; excitonic state for Ptn is 1.83 eV?2*23® above
the ground state. The singlet excitonic state in CIAIPc is 1.46 eV,
calculated from Figure Sa at the wavelength where the absorption
onset intensity reaches 15% of that of A,,,,. Interfacial singlet
excitation transfer from Ptn to CIAIPc is exothermic and may
proceed via either electron exchange or dipolar interactions at the
Ptn/CIAlPc interface. Given that the singlet—triplet splitting is
ca. 0.61 eV for CIAIPc* and is 0.97 eV for Ptn,**® the triplet
energies of CIAIPc and Ptn are very close, and triplet excitation
transfer from Ptn to CIAIPc is also expected to occur, as the state
energy diagram in Figure 5a illustrates. Moreover, the ionization
energy for CIAIPc is approximately —5.3 eV,”**° which is larger
than that of Ptn, allowing for efficient hole transfer from CIAIPc
to Ptn. Here, we consider a two-layer cascade donor structure,
where the Ptn film is grown directly on ITO in both the single
donor (Ptn) and cascade devices. For this comparison, we
neglect morphological variation in the Ptn layer in comparing
single Ptn donor devices to devices with Ptn/CIAIPc donor
layers, because both have Ptn deposited directly on ITO.

Evidence for excitation transfer from Ptn to CIAIPc is apparent
by comparing the EQE spectral responses in Figure Sb for a Ptn
(300 A)/CIAIPc (300 A)-based OPV to those of a device with
CIAIPc (300 A) as the sole donor (ITO/donor/Cg, (400 A)/
BCP (100 A)/Al). The EQE response for the Ptn/CIAIPc device
has two broad (A ~ 50 nm) peaks centered near 1 = 590 and
675 nm as a result of Ptn absorption and excitation transfer to
ClAIPc, with magnitudes of EQE ~ 10 and 15%, respectively.
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Figure 6. Current voltage characteristics for device E, a Ptn-based
cascade donor structure consisting of [Ptn (600 A)/CIAIPc (300 A)]
(red circle cross) under simulated AM 1.5G 1 sun illumination with
spectral mismatch correction to ASTM G173-03,*" compared with an
archetypal [Pentacene (600 A)] single donor layer (open circle), device
D. Complete device structure consists of glass/ITO/donor/Cgg (400A)/
BCP (100 A)/AlL (1000 A). Inset illustrates suppressed dark current (black
solid circle) for device E compared on a semilog scale with device D, the
Ptn single donor (red solid circle).

The peak at A = 750 nm and the shoulder near 4 = 650 nm
correspond to direct optical excitation of CIAIPc. Finally, the
broad feature from A = 400 to S50 nm is primarily due to Cqg
absorption. These data demonstrate that excitation transfer from
Ptn to CIAIPc and subsequent charge transfer at CIAIPc/Cqgp
leads to efficient photocurrent generation.

The J—V characteristics in the dark and under simulated 1 sun
AM 1.5G illumination for a single layer Ptn-based device are
shown in Figure 6, along with those obtained for cascade devices
comprising a Ptn (600 A)/ClAIPc (300 A) donor structure
(devices D and E, respectively, in Table 1). For device D, J,. =
5.60 £ 0.23 mA/cm?, FF = 0.40 £ 0.02, and V,,, = 0.25 £ 0.01 V,
while for device E there is an increase in voltage to V. = 0.36
0.01 V. The inset in Figure 6 shows the reduction in the dark
current for the cascade device relative to the Ptn-only device
(device D); the forward bias dark current at V = 0.25 V is a factor
of 30 lower for device E than for device D. The low-energy
absorption afforded by the CIAIPc layer enhances the photo-
current obtained from device E (J, = 825 & 0.23 mA/cm”) by
nearly 50% over that of device D (J,. = 5.60 £ 0.23 mA/cm?),
thus demonstrating the utility of the multidonor exciton transfer
system in enhancing photocurrent through broad spectral cover-
age, while limiting recombination at the D/A interface. More-
over, the hole transport level alignment between the two donor
layers ensures slightly exothermic carrier injection from CIAIPc
(E; = —5.3 eV)*"* to Ptn (E; = —4.9 €V).*” As a result, we
observe no decrease in FF for the cascade structure. Indeed, FF =
0.46 =+ 0.02 for device E is higher than that for device D, with
FF = 0.40 £ 0.02. The enhancements in J,. and V. lead to an
overall power conversion efficiency increase from 0.55% for the
Ptn donor device to 1.39% for the cascade structure. A summary
of these results and figures of merit for a CIAIPc/Cgp device from
ref 30 is presented in Table 1.

Finally, we note that while the voltage obtained for the Ptn/
ClAIPc device (V,. = 0.36 V) is slightly larger than that for
the Ptn/Cg, control device prepared in our laboratory (V. =
0.25 V), it is significantly lower than the V. obtained from single-
donor CIAIPc/Cg, devices in the literature (V.. = 0.68 V —
0.84 V).>* This is expected because AEyy, = ¢, + ¢ + qVhy

implying that the injection barrier to holes at the anode/donor
interface is ~0.4 eV smaller for Ptn compared to CIAIPc.

B SUMMARY

Multiple factors control the efficiencies of organic photovol-
taic cells. Balancing the different and often competing materials
properties to optimize device performance is often difficult using
a single donor or acceptor material. In this work, we demonstrate
an approach that partitions performance requirements among
several different material layers and interfaces. We found that the
efficiency of Ptn/CIAIPc/Cgo devices can be increased nearly
3-fold over a single donor-layer (Ptn only) OPV cell by increas-
ing the photon absorption through the bilayer absorption, while
simultaneously increasing the open circuit voltage based on the
reduced recombination at the CIAIPc (vs Ptn)/Cg junction.
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