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ABSTRACT: In planar heterojunction organic photovoltaic
devices (OPVs), broad spectral coverage can be realized by
incorporating multiple molecular absorbers in an energy-
cascade architecture. Here, this approach is combined with a
host−guest donor layer architecture previously shown to
optimize exciton transport for the fluorescent organic
semiconductor boron subphthalocyanine chloride (SubPc)
when diluted in an optically transparent host. In order to
maximize the absorption efficiency, energy-cascade OPVs that
utilize both photoactive host and guest donor materials are
examined using the pairing of SubPc and boron subnaph-
thalocyanine chloride (SubNc), respectively. In a planar
heterojunction architecture, excitons generated on the SubPc
host rapidly energy transfer to the SubNc guest, where they may migrate toward the dissociating, donor−acceptor interface.
Overall, the incorporation of a photoactive host leads to a 13% enhancement in the short-circuit current density and a 20%
enhancement in the power conversion efficiency relative to an optimized host−guest OPV combining SubNc with a
nonabsorbing host. This work underscores the potential for further design refinements in planar heterojunction OPVs and
demonstrates progress toward the effective separation of functionality between constituent OPV materials.
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1. INTRODUCTION

Recent advances in organic photovoltaic device (OPV) power
conversion efficiency (ηP) have often mirrored improvements
in understanding the role of nanoscale morphology in
photoconversion.1−3 In large part, OPVs have realized
significant gains in ηP by optimizing the bulk heterojunction
architecture, where the electron-donating and -accepting
materials are blended to ensure efficient exciton harvesting.4−6

Careful attention must be paid to the optimization of film
morphology in these architectures in order to ensure that
photogenerated charge carriers are collected efficiently, thereby
minimizing losses due to nongeminate recombination.7−10 In
planar heterojunction OPVs, the typically short exciton
diffusion length (LD) establishes a trade-off between optical
absorption and efficient exciton harvesting, limiting ηP.

11 In
contrast to the bulk heterojunction, however, the planar
heterojunction OPV architecture inherently resists nongemi-
nate recombination since there is a smaller spatial cross-section
for electron and hole overlap.12 Relaxed constraints on efficient
carrier collection are advantageous, provided routes for
enhanced LD and exciton harvesting can be devised. Recently,
OPVs with enhanced LD and exciton harvesting efficiencies
have been demonstrated through techniques such as dilution,13

chemical modification,14 microcrystallization,15 cascade energy
transfer,16−21 and others.22−24

In the case of dilution, variation of the intermolecular spacing
optimizes the rate of intermolecular Förster energy transfer
through photophysical properties such as the photolumines-
cence efficiency. This enhancement in energy transfer is directly
correlated to enhancements in LD. Previous work experimen-
tally demonstrates this technique by diluting the electron-
donating species, boron subphthalocyanine chloride (SubPc),
into a wide energy-gap host material, p-bis(triphenylsilyl)-
benzene (UGH2).13 The LD increases from LD = 10.7 nm in a
neat film of SubPc to LD = 15.4 nm for a film containing 25 wt
% SubPc diluted in UGH2. Devices constructed using a dilute
layer of SubPc in UGH2 show a 30% enhancement in ηP.
Increases in both the short-circuit current density (JSC) and ηP
were observed despite a concomitant ∼30% decrease in donor
absorption. The decrease in absorption efficiency results from
the wide-energy gap of UGH2.25 This suggests that there is the
potential for increased photocurrent if the host material was
also photoactive.
Organic photovoltaic devices incorporating more than two

absorbing species have been widely explored in a variety of
incarnations. Of note are cascade OPVs, where two exciton
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dissociating interfaces are formed between three molecular
species with staggered molecular orbital energy levels.26−29 In
contrast, energy-cascade OPVs contain a single dissociating
interface and incorporate composite donor or acceptor layers
(i.e., contain more than a single molecular species).18,21,30 The
composite layers can be implemented as multilayer stacks as
well as mixtures thereof. In this work, the dilute donor concept
is applied to demonstrate energy-cascade OPVs that utilize a
host−guest donor layer.
Boron subnaphthalocyanine chloride (SubNc) was selected

as a guest material to integrate with a photoactive host of
SubPc.31 SubPc and SubNc have been previously used as
complementary absorbers in tandem OPVs.32 Figure 1 shows
the extinction coefficient and molecular orbital energy levels for
SubNc,17 SubPc,17 and UGH2.25 Owing to its wide energy-gap
(Eg = 4.4 eV), UGH2 does not strongly absorb in the solar
spectrum (Figure 1a). Excitons generated on SubPc (Eg = 2
eV) neither energy transfer to UGH2 nor dissociate in the
presence of UGH2, creating a single pathway for exciton
transport. SubNc also strongly absorbs in the visible spectrum
with a reduced energy-gap (Eg = 1.8 eV) relative to SubPc.
When SubNc is diluted in SubPc, two donor exciton harvesting
pathways exist in parallel. Similar to the case of dilute SubPc,
excitons generated on SubNc diffuse along a pathway
composed of SubNc molecules toward the donor−acceptor
interface. The difference in energy-gap between SubNc and
SubPc is much larger than the ambient thermal energy (∼25
meV), ensuring that excitons generated on SubNc do not
energy transfer to SubPc. In this way, SubPc acts analogously to
UGH2. A second pathway is also present for excitons that
originate on SubPc. Efficient Förster energy transfer from
SubPc to SubNc occurs rapidly,16 and excitons may follow the
same route to the interface as those originally generated on
SubNc. Overall, all photogenerated excitons are quickly
confined to molecules of SubNc followed by short-range
exciton energy transfer toward the donor−acceptor interface
where excitons are dissociated. Here, the host−guest donor
layer is distinct from composite donor layers formed from
multilayer stacks as the photogenerated charges remain solely
on the guest species (SubNc) during transport toward the
anode.

2. RESULTS AND DISCUSSION

2.1. Exciton Diffusion in SubNc. The exciton transport
properties of dilute SubNc films were separately investigated in
order to determine if a dilute donor enhancement in LD is also
observed for SubNc. Additionally, this characterization provides
guidance for selecting appropriate dilute film concentrations to
be used during device fabrication. The diffusive behavior (LD)
of excitons in films of SubNc as a function of concentration is
measured via spectrally resolved photoluminescence quench-
ing33,34 (SRPLQ) as a function of dilution in UGH2. For
example, Figure 2a shows the measured photoluminescence
emission and excitation spectra for a 75 nm-thick film of 25 wt
% SubNc in UGH2. Experimental photoluminescence quench-
ing ratios (PL ratios) are constructed by measuring the
photoluminescence excitation spectrum of a SubNc:UGH2 film
deposited on a 15 nm-thick quenching layer of 1,4,5,8,9,11-
hexaazatriphenylene hexacarbonitrile35 (HATCN) and dividing
it by the excitation spectrum of an identical film of
SubNc:UGH2 deposited on a glass substrate. Optical transfer
matrix simulations combined with analytical solutions to the
exciton diffusion equation allow for the simulation of predicted
PL ratios which are sensitive to the LD of the film.36 Iterative
fitting of the measured and predicted PL ratios allows for the
determination of LD. SRPLQ measurements were performed
over a range of film thicknesses between 75 and 125 nm. The
experimental PL ratios and respective fits for three thicknesses
of 25 wt % SubNc in UGH2 films are shown in Figure 2b. The
resulting fit values for LD are LD = 25.8, 26.5, and 34.0 nm for
films that are 75, 100, and 125 nm thick, respectively. SRPLQ
measurements of LD were also performed for films of 5, 10, and
50 wt % SubNc in UGH2. The measured PL ratios and
respective fits for these additional concentrations can be found
in the Supporting Information. Good fits to the measured PL
ratios were obtained in spectral regions corresponding to strong
SubNc absorption (∼550−700 nm). Deviations observed in the
shorter wavelength spectral regions (∼400−550 nm) are likely
due to the low signal intensity characteristic of spectral bands
with low extinction coefficients. These deviations are then
propagated into the overall fit value for LD and result in a
broader range of LD values for a given concentration than
typically obtained using thickness-dependent photolumines-
cence quenching-based techniques.11 Figure 2c summarizes the

Figure 1. (a) Thin film spectral extinction coefficient for SubPc, SubNc, and UGH2 as compared to the AM1.5G solar spectrum (solid line). (b−d)
Molecular structures and (e) molecular orbital energy levels for SubPc, SubNc, and UGH2.
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measured values of LD versus film concentration where each
data point reflects a different film thickness at a given
concentration. Also shown is the average LD for each
concentration where the error bars reflect the standard
deviation. SRPLQ measurements of neat SubNc were not
possible due to the low photoluminescence efficiency (ηPL) of
films of pure SubNc (ηPL ≤ 0.25%). However, preliminary
device-based measurements combined with modeling of the
external quantum efficiency (ηEQE) suggest the LD for pure
SubNc is LD ∼ 11 nm. This result, however, is susceptible to
error where, for example, a nonunity charge collection
efficiency (ηCC) will lead to an underestimate of LD.
Interestingly, the LD of SubNc exhibits a dependence on
concentration (Figure 2c). As in the case of SubPc, diffusion is
not optimized in neat films of SubNc, and a near tripling of LD

is found in 25 wt % SubNc in UGH2 films compared to the
approximate LD in pure films.
For fluorescent organic semiconductors, the Förster theory

of energy transfer has been successfully applied to a variety of
systems.13,14,37,38 Here, we apply Förster theory to describe
exciton diffusion in SubNc as a function of dilution in UGH2.
By assuming that exciton diffusion is dominated by nearest
neighbor Förster energy transfer, predictions for the LD of
SubNc as a function of concentration can be made. The LD as
predicted from this simple interpretation of Förster energy
transfer is written as33,37,39
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where R0 is the self-Förster radius, d is the average
intermolecular separation, κ is the dipole orientation factor, n
is the index of refraction at maximum absorption-emission
overlap, λ is the wavelength, FD is the area normalized
fluorescence, and σA is the absorption cross section. Here,
randomly oriented rigid dipoles are used to approximate the
amorphous nature of the films with κ = 0.845(2/3)1/2.40 The
value of n is determined from separate measurements of the
optical constants via spectroscopic ellipsometry. The absorp-
tion cross-section is defined as the absorption coefficient
divided by the molecular density of the film (ρ). Here, d is
taken to be the Wigner-Seitz radius as tabulated from d = (3/
(4πρ))1/3. The tabulated predictions for the SubNc LD when
dispersed in UGH2 are shown in Figure 2c, showing good
agreement with the experimentally measured LD values.

2.2. Dilute SubNc Devices with a Nonabsorbing Host.
In order to confirm the robustness of photoconversion in
SubNc to dilution, host−guest OPVs were fabricated
incorporating UGH2 as the host material (Figure 3). A 10
nm-thick layer of MoOx acts as the anode buffer layer

41 and a
10 nm-thick layer of bathocuproine (BCP) acts as the cathode
buffer layer.42 A 150 nm-thick layer of indium tin oxide (ITO)
and a 100 nm-thick layer of Al serve as the anode and cathode,
respectively. A multilayer donor scheme consisting of a 10 nm-
thick dilute layer followed by a 3 nm-thick neat layer of SubNc
constitutes the effective donor layer. A thin, neat layer of SubNc
is inserted at the donor−acceptor interface. This partially
offsets the reduction in absorption efficiency upon dilution and
is placed in a location where exciton harvesting is already
efficient. Figure 3 shows the JSC, open-circuit voltage (VOC), fill
factor, and ηP as a function of the dilute layer concentration
collected at an intensity of 100 mW/cm2 under AM1.5G solar
simulated illumination. The open symbols correspond to a neat
film of SubNc and represent a control device with a single
donor layer consisting of a 13 nm-thick layer of SubNc. A
summary of the performance for undiluted SubNc devices as a
function of donor layer thickness can be found in the
Supporting Information.
Interestingly, the JSC is relatively constant versus dilute layer

concentration, despite a ∼50% reduction in the number SubNc
molecules in the total donor layer. This trend indicates that the
internal efficiency increases with dilution. The reduction in VOC
upon dilution is corroborated by an increase in forward-bias
dark current upon dilution. Of additional interest, the fill factor
increases with dilution in the control device to 75 wt % SubNc
and remains constant upon further dilution. A similar trend has
been reported previously for dilutions of C60 in UGH2.43 This
may suggest a shift in the steady state charge density upon

Figure 2. (a) Normalized excitation and emission spectra for a film of
25 wt % SubNc dispersed in UGH2. (b) Spectrally resolved
photoluminescence ratios for three films of 25 wt % SubNc dispersed
in UGH2 of varying thickness (t) along with the corresponding fit and
fit value for the LD. (c) Summary of LD fit values for films of SubNc
dispersed in UGH2 as a function of concentration. Also shown is the
average LD at each concentration where the error bars represent the
standard deviation in LD over the range of thicknesses measured.
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dilution at voltages below VOC, thereby reducing either
nongeminate recombination at the donor−acceptor interface

or exciton-polaron annihilation near the extraction layers.44,45

Overall, the ηP is optimized at ηP = (3.0 ± 0.1)% for a dilute
layer concentration of 75 wt % SubNc. As in the case of host−
guest donor layers consisting of SubPc and UGH2, the
optimum ηP is achieved when the donor layer is partially
diluted.

2.3. Dilute SubNc Devices with a Photoactive Host. In
order to recover the lost absorption that occurs in host−guest
donor layers containing UGH2, devices employing a photo-
active host of SubPc were examined. Recall from Figure 1 that
the molecular orbital energy levels for SubNc are favorably
nested within those of SubPc, similar to the host−guest
relationship between UGH2 and SubNc. The device
architecture is shown in Figure 4, with the dilute layer
consisting of a 10 nm-thick layer of 25 wt % SubNc in SubPc.
As can be seen from the current density−voltage characteristics
in Figure 4b, the use of a photoactive host increases the JSC
from (5.6 ± 0.2) to (6.2 ± 0.1) mA/cm2 over devices using an
UGH2 host. Interestingly, the VOC increases from (0.78 ±
0.01) to (0.85 ± 0.01) V upon replacing UGH2 with SubPc,
similar to the value measured for the undiluted control device
and consistent with the measured reduction in forward bias
dark current. In contrast, the fill factor for devices containing a
SubPc host is larger than that measured for the control device
with a value of (0.62 ± 0.01), similar to that of the device
incorporating UGH2 as the host material. Incorporating SubPc
as the photoactive host retains the best characteristics of the
control and host−guest OPVs containing UGH2 while also
leading to enhanced JSC compared to both devices. The ηP is
also enhanced at a value of ηP = (3.2 ± 0.1)%. Table 1
summarizes the measured device characteristics. The JSC and ηP
can be further enhanced by utilizing a 40 nm-thick layer of C70

as the acceptor layer. This strategy is common in the OPV
literature as C70 has broader absorption than C60.

46−48 With
C70, the JSC increases to (8.7 ± 0.5) mA/cm2 and the ηP
increases to (4.3 ± 0.2)%. These represent significant
enhancements relative to a SubNc/C70 planar heterojunction
control device that shows JSC = (6.0 ± 0.1) mA/cm2, VOC =
(0.83 ± 0.01) V, fill factor = (0.43 ± 0.01), and ηP = (2.2 ±

Figure 3. (a) Schematic of a host−guest device based on the pairing of
SubNc and UGH2. (b−e) Short-circuit current density (JSC), open-
circuit voltage (VOC), fill factor, and power conversion efficiency (ηP)
at an intensity of 100 mW/cm2 under AM1.5G simulated solar
illumination for the host−guest device as a function of dilute layer
concentration. The open symbols refer to a device with a donor layer
consisting of a single 13 nm-thick layer of SubNc.

Figure 4. (a) Schematic of a host−guest OPV incorporating SubPc as a photoactive host. (b) Current density−voltage measurements at an intensity
of 100 mW/cm2 under AM1.5G solar simulated illumination for devices incorporating a neat SubNc donor layer (neat SubNc/C60), a host−guest
donor layer with UGH2 as the host (dilute SubNc:UGH2/C60), and a host−guest donor layer with SubPc as the host (dilute SubNc:SubPc/C60).
Also shown is a host−guest OPV with SubPc as the host and a C70 acceptor layer (dilute SubNc:SubPc/C70).
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0.1)% under AM1.5G solar simulated illumination at an
intensity of 100 mW/cm2.
In order to examine changes in the internal quantum

efficiency (ηIQE) of the host−guest OPVs presented hereto, the
ηEQE and reflectivity (R) are separately measured. For this work,
R is measured at an incident angle of 15° and 1 − R is taken as
an approximate measurement of the optical absorption within
the OPV. The relative ηIQE is calculated by dividing the ηEQE by
1 − R. Transfer matrix simulations of the internal optical field
permit the estimation of absorption losses within the cathode,
anode, and surrounding buffer layers which can be further
subtracted from 1 − R to provide a more accurate estimation
for the absorption in the photoactive layers. Figure 5 shows the
ηEQE, 1 − R, and relative ηIQE spectra for the SubNc control
device consisting of a 13 nm-thick total donor layer and a
host−guest OPV consisting of a 10 nm-thick layer of 25 wt %
SubNc diluted in SubPc and a 3 nm-thick neat layer of SubNc.
Recall, both devices contain a 42 nm-thick film of C60 as the
acceptor. Inspection of the ηEQE reveals enhancements in both
the C60 and SubPc regions of the spectrum. The latter is clearly
rationalized since the control device does not contain any
SubPc. The former is likely due to an increase in the ηCC for the
device. Since the C60 acceptor layer thickness and donor−
acceptor interface remain constant between the control and
dilute devices, changes in the acceptor exciton diffusion (ηD)
and exciton dissociation efficiencies are likely minimal.
Consequently, ηCC is the only remaining component of the
ηIQE likely to be affected. Inspection of the dependence of fill
factor on concentration for the SubNc:UGH2 host−guest
OPVs further suggests that ηCC is not constant. Figure 5b
shows 1 − R for these two devices and confirms that the
response from SubNc is indeed reduced upon the addition of
SubPc, as marked by a decrease in 1 − R at a wavelength (λ) =
690 nm (SubNc) and an increase in 1 − R at λ = 590 nm
(SubPc). The relative ηIQE values are shown in Figure 5c, with
broadband enhancement observed for the host−guest OPV
with a photoactive host relative to the control device. From the
earlier discussion of ηCC, the broadband enhancement in the
relative ηIQE seems to be mainly a result of an enhanced ηCC.
This is in contrast to the result obtained with SubPc:UGH2
host−guest OPVs reported previously which show large
enhancements in the relative ηIQE upon dilution due to
increases in the ηD. Though the peak relative ηIQE >70% is
similar to the peak relative ηIQE reported for SubPc:UGH2, this
result may indicate that there is no significant enhancement in
LD for SubNc when diluted in SubPc.
Such a contrast in the dependence of LD on concentration

between hosts suggests that the choice of the host material is
critical. Moreover, the host material may serve a broader role in
energy transfer than simply varying the average intermolecular
separation. Here, SubPc is a less advantageous host material
when comparing its impact on the LD of SubNc relative to
UGH2. Inspection of the parameters that control exciton

diffusion via Förster energy transfer lends intuition (eq 1). For
example, SubPc has n ∼ 2.3 in the region of SubNc spectral
overlap whereas UGH2 has n ∼ 1.6. The larger n serves to
reduce the rate of energy transfer and therefore LD.
Additionally, the more polar nature of SubPc as compared to

Table 1. Summary of Extracted Photovoltaic Parameters from Figure 4b at an Intensity of 100 mW/cm2 under AM 1.5G Solar
Simulated Illumination

host acceptor JSC [mA/cm2] VOC [V] fill factor ηP [%]

none C60 5.4 ± 0.1 0.85 ± 0.01 0.43 ± 0.01 2.0 ± 0.1
none C70 6.0 ± 0.1 0.83 ± 0.01 0.43 ± 0.01 2.2 ± 0.1
UGH2 C60 5.6 ± 0.2 0.78 ± 0.01 0.63 ± 0.01 2.8 ± 0.1
SubPc C60 6.2 ± 0.1 0.85 ± 0.01 0.62 ± 0.01 3.2 ± 0.1
SubPc C70 8.7 ± 0.5 0.84 ± 0.01 0.60 ± 0.01 4.3 ± 0.2

Figure 5. External quantum efficiency (a), 1 − Reflection (b), and
relative internal quantum efficiency (c) spectra for a device
incorporating a 13 nm-thick neat SubNc donor layer (neat SubNc/
C60) and a host−guest donor layer consisting of a 10 nm-thick, 25 wt
% SubNc in SubPc dilute layer with a 3 nm-thick neat layer of SubNc
at the interface (dilute SubNc:SubPc/C60).
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UGH2 may redshift the photoluminescence of SubNc upon
dilution owing to a solid-state solvation effect.49,50 This effect
would reduce the spectral overlap integral and also reduce the
LD of SubNc when diluted in SubPc as compared to UGH2.
Differences in thin-film morphology may also reduce the LD if
SubNc molecules diluted in a SubPc matrix adopt a
conformation with a reduced κ. The good agreement for dilute
SubNc:UGH2 experimental and predicted LD under the
assumption of randomly oriented, rigid dipoles does not
suggest the presence of crystallinity for these films.
Beyond exciton transport, the host species may also affect

charge transport. For a donor layer, the interplay of host and
guest highest occupied molecular orbital energy levels
(HOMO) will dictate the most efficient charge carrier pathway.
The mixing ratio provides a route toward optimizing this
interplay for a given pair of materials.

3. CONCLUSIONS
In conclusion, we have demonstrated an efficient host−guest
donor layer for OPVs using an energy-cascade architecture.
Efficient exciton harvesting is demonstrated from two donor
materials with complementary absorption. A 10% enhancement
in JSC is found for host−guest OPVs with a SubPc photoactive
host as compared devices with the nonabsorbing UGH2 host.
Further, device measurements of the internal efficiency reveal
that the 40% enhancement in ηP for host−guest devices using a
C60 acceptor is attributable to enhancements in the ηCC. While
the LD for SubNc increases upon dilution in UGH2, the
increase in LD when diluted in SubPc is likely suppressed,
leading to marginal increases in the ηD for this host−guest
pairing, in contrast to previous work with SubPc diluted into
UGH2. This relationship suggests that the selection of host
material is critical, and additional properties beyond the energy-
gap must be considered. Looking forward, the host−guest
framework for energy-cascade OPVs shows great promise for
achieving broad spectral coverage with little added complexity
to current state-of-the-art planar heterojunction OPVs.

4. EXPERIMENTAL SECTION
4.1. Thin Film and Device Preparation. Organic thin films for

measurements of photoluminescence were grown on glass substrates.
Organic photovoltaic cells were fabricated on glass slides coated with a
150 nm-thick layer of indium−tin-oxide (ITO) having a sheet
resistance of 15 Ω/□. All substrates were cleaned with tergitol and
solvents. Additionally, ITO substrates were exposed to a UV−ozone
ambient for 10 min prior to the deposition of the active layers. Organic
layers were deposited via vacuum thermal sublimation (<10−7 Torr) at
a nominal rate of 0.2 nm/s. Devices were capped with a 100 nm-thick
cathode layer of Al deposited at a nominal rate of 0.3 nm/s through a
shadow mask defining an active area with a diameter of 1 mm. SubPc,
SubNc, and UGH2 were purchased from Luminescence Technology
Corporation, and C60 was purchased from MER Corporation. All
materials were used as received with no further purification.
4.2. Optoelectronic Characterization. Photoluminescence

quenching data were recorded using a Photon Technology Interna-
tional Quantum Master 4 Fluorometer. All PL measurements were
performed under an N2 purge. Photoluminescence quenching
measurements were made at an incident angle of 70° to the substrate
normal. The excitation source was a monochromatic xenon lamp
selected to a wavelength of λ = 600 nm. All film thicknesses and
optical constants were measured using a J. A. Woollam spectroscopic
ellipsometer. Film thicknesses were fit using a Cauchy model. External
quantum efficiency testing was performed under illumination from a
300 W xenon lamp coupled to a Cornerstone 130 1/8 m
monochromator and chopped with a Stanford Research Systems

SR540 optical chopper. Electrical characteristics were measured using
a Stanford Research Systems SR810 lock-in amplifier. Device
parameters were extracted from current−voltage testing at an intensity
of (100 ± 5) mW/cm2 under AM1.5G solar simulated illumination.
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