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optical fi eld enhancements, however, 
the inclusion of metallic nanostructures 
can produce unintended consequences 
such as free carrier trapping, exciton 
quenching, and morphological changes, 
which limit the overall performance 
enhancement. [ 11–14 ]  Thus, while absorp-
tion can easily be improved through LSPR 
coupling, effi cient extraction of the addi-
tional generated charges to photocurrent 
remains a challenge. 

 As an alternative to LSPR-supporting 
nanostructures, plasmon-enhanced abso-
rption in OPVs can be accomplished using 
a planar metal-dielectric-metal (MDM) 
structure coupled to SPPs ( Figure    1  a). [ 3 ]  
This type of device exhibits highly tunable 
spectral and angular selectivity, and can be 
reliably modeled to deconvolute the photo-
current generation process at SPR. Unlike 
radiative and waveguide modes, SPPs in 
metal fi lms exhibit high fi eld concentra-

tions and propagate purely in-plane. This evanescent character 
increases the optical path length from the device thickness at 
normal incidence (≈100 nm) to the SPP propagation length 
at SPR (>10 µm for Ag). [ 15 ]  Thus, coupling to SPP modes can 
further improve absorption beyond what is possible in con-
ventional planar device geometries. [ 16,17 ]  Additionally, since the 
plasmon-supporting interfaces are external to the active layers, 
the MDM structure avoids changes to internal charge and 
exciton transport and active layer morphology from embedded 
nanostructures. Finally, the MDM geometry exhibits a small 
form factor and can be directly coupled to plasmonic intercon-
nects for applications such as on-chip communications. [ 18 ]  Pre-
vious work on SPP-based OPDs in a MDM geometry has dem-
onstrated that SPP fi elds can be effectively coupled to the device 
active layers and effi ciently harvested as photocurrent. [ 19–23 ]  
The earlier studies by Kume et al. explored the wavelength and 
angular dependence of SPP-enhanced photocurrent in single-
layer CuPc Shottky diodes, while later work by Mapel et al. and 
Bora et al. on bilayer CuPc/C 60  devices focused on the angular 
response at a single wavelength. However, none has evaluated 
the full spectroscopic and angular dispersion of SPP-based pho-
tocurrent generation in more effi cient, bilayer OPVs.  

 Here, we explore the broadband response to plasmon-
enhanced absorption in planar OPVs with a MDM geom-
etry using an attenuated total refl ection (ATR) method in the 
Kretschmann confi guration (Figure  1 a). [ 24 ]  Using an arche-
typal junction of boron subpthalocyanine chloride (SubPc) 
and C 60  fullerene (Figure  1 b), our experiments demonstrate 
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 A substantial broadband increase in the external quantum effi ciency (EQE) 
of thin-fi lm organic photovoltaic (OPV) devices using near-fi eld coupling to 
surface plasmons is reported, signifi cantly enhancing absorption at surface 
plasmon resonance (SPR). The devices tested consist of an archetypal boron 
subpthalocyanine chloride/fullerene (SubPc/C 60 ) donor/acceptor heterojunc-
tion embedded within a planar semitransparent metallic nanocavity. The 
absorption and EQE are modeled in detail and probed by attenuated total 
internal refl ection spectroscopy with excellent agreement. At SPR, the EQE 
can be enhanced fourfold relative to normal incidence, due to simulated nine-
fold enhancement in active layer absorption effi ciency. The response at SPR is 
thickness-independent, down to a few monolayers, suggesting the ability to 
excite monolayer-scale junctions with an EQE of ≈6% and a 16-fold absorp-
tion enhancement over normal incidence. These results potentially impact the 
future design of plasmonically enhanced thin-fi lm photovoltaics and pho-
todetectors and enable the direct analysis of the dynamics of photocurrent 
production at OPV heterojunctions. 

  1.     Introduction 

 In organic photovoltaics (OPVs) and photodetectors (OPDs), 
surface plasmon polaritons (SPPs) have been explored for 
their enhancement of optical fi elds and large scattering cross-
sections, both of which can give rise to signifi cant absorption 
enhancement on- and off-surface plasmon resonance (SPR). [ 1,2 ]  
Such SPP modes have an extremely high optical density of 
states, exhibit high spatial confi nement due to their evanescent 
character, and can effi ciently couple to absorbers in the near-
fi eld. [ 3 ]  Due to the strong confi nement of SPP modes, optical 
coupling at SPR provides not only an effective means for 
improving absorption but also the ability to transduce optical 
signals in photonic circuits. [ 4–6 ]  Typically, plasmonic OPVs 
and OPDs employ metal nanoparticles [ 7,8 ]  or nanostructured 
electrodes [ 9,10 ]  exhibiting localized surface plasmon resonance 
(LSPR) to improve active layer absorption. While enabling 
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broadband, direct conversion of SPPs to photocurrent with an 
external quantum effi ciency (EQE) of up to 16% and internal 
quantum effi ciency (IQE) of ≈40%. In these devices, the EQE 
performance at SPR reaches 4.3× that at normal incidence. This 
increase is attributed to a simulated ninefold enhancement in 
absorption effi ciency within the ultrathin active layers. In addi-
tion, we show that absorption effi ciency is maximized using 
near-fi eld SPR coupling in the MDM geometry and is insensi-
tive to the active layer deposition sequence. To provide further 
quantitative support for these conclusions, we employ rigorous 
device modeling to calculate the absorption, EQE, and IQE 
spectra. As an extension of our results, we fi nd that absorption 
effi ciency in plasmonic MDM structures is relatively insensi-
tive to active layer thicknesses down to a few monolayers, sug-
gesting new means of probing photovoltaic energy conversion 
processes at the molecular-scale.  

  2.     Results and Discussion 

  2.1.     Device Theory and Modeling 

 The EQE in an OPV is determined by the product of the effi -
ciencies for each individual step in the photocurrent generation 
process:

 EQE Abs Diff CT CCη λ η λ η λ η η( ) ( ) ( )=   (1) 

 where  η  Abs ,  η  Diff ,  η  CT , and  η  CC  represent the active layer photon 
absorption, exciton diffusion, charge transfer, and charge 

collection effi ciencies, respectively. To deconvolute absorption 
changes from EQE, the IQE can be defi ned as:

 
IQE

EQE
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η λ
η λ
η λ
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 describing the effi ciency by which excitons generated in the 
active layers are converted to photocurrent. Both  η  Abs  and 
 η  Diff  are wavelength-dependent since they are functions of the 
optical electric fi eld in the device; spatial variation of the elec-
tric fi eld due to near-fi eld interference alters the local absorbed 
power (exciton generation profi le) and hence the steady-state 
diffusion rate of excitons. From the product of  η  Abs  and  η  Diff  the 
exciton fl ux at the heterojunction can be calculated for a given 
wavelength. In contrast,  η  CT  and  η  CC  are wavelength-inde-
pendent in planar heterojunction devices.  η  CT  is a function of 
π-orbital overlap and the kinetics of exciton transfer into bound 
geminate charges (polaron pairs) at the donor-acceptor hetero-
junction, and is typically assumed to be 100%. [ 25 ]  Finally,  η  CC  is 
a convolution of the effi ciency of polaron pair dissociation (also 
termed geminate charge pair separation effi ciency) and the net 
extraction effi ciency of non-geminate charges. [ 26 ]  While  η  CC  is 
often assumed to be 100%, for many material combinations it 
can be considerably less than that, due to parasitic recombina-
tion processes. 

 The device EQE simulations used here consist of a combi-
nation of optical and drift-diffusion models. First, a transfer-
matrix method was used to calculate the optical electric fi eld 
profi le inside of the active layers at every combination of angle 
and wavelength. [ 27 ]  All materials were assumed to have an 
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 Figure 1.    a) Measurement setup of MDM devices in the Kretschmann confi guration using monochromatic TM-polarized light incoupled to the device 
via a hemicylindrical prism and index-matching fl uid. For refl ectivity measurements, light refl ected through the prism is collected by a calibrated pho-
todetector, while a lock-in amplifi er is used to detect photocurrent generation and measure EQE. b) Device structures used in this study, displayed in 
the same orientation as the testing setup in (a). c) Angular scan of refl ectivity and EQE at a single wavelength for the inverted device in (b), exhibiting 
a sharp drop in refl ectivity and concomitant increase in EQE upon reaching SPR. d) Calculated H-fi eld at the SPR condition indicated in (c), exhibiting 
an enhanced fi eld magnitude and an exponential decay of the evanescent SPP mode localized at the Ag/air interface. As shown in (a), light is incident 
from the glass substrate in all measurements.
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isotropic refractive index taken from the literature. [ 27–30 ]  While 
the device layers were treated as being optically coherent, 
the thick glass prism and substrate were treated as inco-
herent structures. [ 31 ]  From the optical electric fi eld profi les, 
the time-averaged absorbed power and exciton generation 
rate were determined as a function of depth in the donor/
acceptor layers. Second, the exciton generation rate profi le 
was coupled to a steady-state drift-diffusion model to deter-
mine exciton fl ux at the donor-acceptor heterojunction, which 
requires imposing a boundary condition of exciton quenching 
or refl ection at the organic/electrode interfaces. [ 32 ]  While typi-
cally it has been assumed that excitons are refl ected at such 
interfaces, recent work has shown that the ubiquitous anode 
buffer layer MoO  x   can quench excitons in the neighboring 
donor material. [ 33,34 ]  

 We note that exciton diffusion length ( L  D ) values for each 
active layer are often used as variable fi tting parameters to 
account for changes in EQE spectra. However, such an approach 
is likely inappropriate, unless changes in  L  D  are accompanied 
by morphological or purity differences between devices. If mor-
phology and purity remain similar among different devices 
being considered, it is more accurate to fi x  L  D  and match the 
organic/electrode boundary conditions. [ 33 ]  In this study, we 
assign  L  D  values for both the SubPc donor and C 60  acceptor 
layers, 8.5 nm and 16 nm, respectively, as materials constants 
closely matching literature values. [ 35   –   37 ]  This approach is more 
physically representitive of internal device physics and provides 
further insight into exciton interactions at the buried active 
layer interfaces. Further details on device modeling, fabrication, 
and testing can be found in the Supporting Information.  

  2.2.     Device Design 

 Two types of devices were studied (Figure  1 b): a conventional 
and an “inverted” layer confi guration. In the conventional 
device structure, the anode and MoO x  layers are deposited fi rst, 
followed by the donor, acceptor, exciton blocker, and cathode 
layers. In the “inverted” structure, the cathode is deposited onto 
the substrate fi rst, followed by PEIE, the acceptor, donor, MoO  x  , 
and anode layers. Layer thicknesses were maintained to within 
experimental precision between the two structures, with only 
the active layers’ order changing relative to the SPP-supporting 
electrode. A similar separation distance between the silver elec-
trodes was maintained in both geometries. In both structures, 
5 nm of MoO  x   was used as a work function modifying buffer 
layer at the anode to provide the necessary built-in potential 
difference for effi cient charge separation at the donor-acceptor 
heterojunction. [ 38 ]  This approach permits the selection of metal 
contacts for their plasmonic properties with less regard to their 
work functions. 

 Refl ection and transmission spectra of devices at 7.5° and 
normal incidence, respectively, are shown in Figure S3 (Sup-
porting Information). In all samples tested, we observed an 
excellent match between predicted and measured device optics. 
For these measurements, several substrates were placed in the 
deposition chamber and removed at incremental stages of the 
device fabrication process (illustrated in the insets of Figure S3, 
Supporting Information), yielding a sample set from the same 

batch. This procedure enabled fi tting of layer thicknesses with 
nanometer precision, as slight variations between batches can 
have an enormous effect on the optics in MDM structures. 

 For accurate device modeling at SPR, it is also critical to min-
imize surface roughness of the electrodes. Such roughness both 
modifi es the Fresnel coeffi cients at the metal/dielectric inter-
faces and strongly attenuates SPP propagation lengths through 
dissipative losses via inelastic scattering, making the response 
at SPR diffi cult to predict. [ 39,40 ]  Atomic force microscopy (AFM) 
of the cathode and anode indicated an RMS roughness of 
0.438 nm and 2.85 nm for inverted devices and 0.467 nm and 
0.988 nm for conventional devices, respectively (Figure S4, Sup-
porting Information). Smooth electrodes are made possible by 
the polyethylenimine ethoxylated (PEIE) wetting layer on the 
glass substrate, which exhibits a high affi nity for silver, and 
results in optically-smooth fi lms without a LSPR peak from Ag 
islanding (Figures S3a,d, Supporting Information). Recently 
PEIE has been shown to be a universal work function modi-
fi er, reducing the work function of Ag to 3.6 eV. [ 41 ]  Thus we 
also employ it as a cathode buffer layer in the inverted device 
geometry. 

 To confi rm the rectifying behavior of the OPV devices, we 
tested the current density–voltage dependence under simulated 
AM1.5 conditions ( Figure    2  ). As expected for MDM devices 
with semitransparent electrodes, low power conversion effi cien-
cies (PCEs) were obtained with 0.48% ± 0.04% and 0.95% ± 
0.08% for inverted and conventional devices, respectively. This 
result is almost entirely due to low photocurrent generation; 
without a thick back-refl ector, optical interference within the 
active layers is suboptimal for absorption. However, the diode 
behavior confi rms that even with symmetric metal contacts in 
the MDM confi guration, we are able to achieve a functioning 
OPV and maintain a high open-circuit voltage (0.89 ± 0.05 V to 
1.05 ± 0.02 V) characteristic of SubPc-C 60  devices. [ 42 ]    
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 Figure 2.    Current density–voltage characteristics of both inverted and 
conventional devices under illumination through the glass substrates 
with an AM 1.5 spectrum at an intensity equivalent to one sun. Testing 
occurred within a nitrogen-fi lled glove box on devices fabricated in the 
same batches as those measured with ATR spectroscopy.
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  2.3.     Surface Plasmon Resonance in “Inverted” OPV 
Nanocavities 

 Having experimentally validated our optical model at normal 
incidence, we now consider the spectroscopic performance of 
inverted devices at SPR. Figure  1 c shows an ATR scan of refl ec-
tivity and EQE at a wavelength of 550 nm at angles past the 
critical angle for total internal refl ection from the glass/silver 
interface. For the SPR condition, we expect a near-zero refl ec-
tivity, as the light is strongly guided in the planar device struc-
ture and back-refl ection is attenuated. The drop in refl ectivity is 
accompanied by a concomitant increase in photocurrent (EQE) 
upon reaching SPR. As Figure  1 d shows, our simulations indi-
cate this to be an antisymmetric SPP mode located at the air-
silver interface, further confi rmed by the full device dispersion 
curve ( Figure    3  ) solved using the dyadic Green's functions. [ 43 ]  
The generated SPP mode in this work is characterized as a 
fast plasmon mode (denoted SPP 1 ). Additionally, there are two 
other SPP modes that are supported within this structure: the 
fast plasmon mode between the silver-substrate interface (SPP 2 ) 
and the gap plasmon mode shared between both contacts and 
the internal medium (SPP 3 ). [ 44 ]  Since wavevector matching in 
the Kretschmann confi guration is limited to below the sub-
strate (glass) light line, it is only possible to probe SPP 1  with 
this method. However, in applications such as integrated optical 
circuits, excitation of all three modes is possible, signifi cantly 
improving optical fi eld confi nement to the active layers and pro-
viding additional control over the spectroscopic dispersion.  

  Figure    4  a,b show the modeled and experimentally measured 
refl ectivity dispersion for an inverted device on- and off-reso-
nance with the SPP 1  mode. We observe an excellent, quantita-
tive match between the measured and predicted refl ectivities 
across the visible spectrum, with the exception of an increased 

refl ectivity at SPR (Δ R  ≈ 0.2) near the charge transfer (CT) state 
absorption of C 60  at 460 nm. [ 45 ]  This is likely due to a preferen-
tial orientation of the CT exciton's transition dipole out-of-plane, 
which would produce an increase in the extraordinary extinc-
tion coeffi cient and modify the effective index of the structure 
at plasmon resonance. We expect this effect to be most pro-
nounced at SPR since the electric fi eld aligns perpendicular to 
the plane, exciting only perpendicularly oriented dipoles. A sim-
ilar refl ectivity response is observed at the sharp SubPc absorp-
tion peak (585 nm), indicating that both electronic transitions 
exhibit high oscillator strengths. At decreasing angles below the 
SPR condition, a growing proportion of the excited dipoles have 
an in-plane orientation, signifi cantly reducing the effect of the 
anisotropic C 60  absorption. As a result, the refractive index dif-
ference due to the observed anisotropy becomes entirely absent 
at normal incidence (Figure S3, Supporting Information). That 
being said, it does not appear that this increase in refl ectivity at 
the 460 nm SPR peak signifi cantly affects absorbed power in 
the C 60  layer, as the higher extinction coeffi cient directly offsets 
the reduced incoupling of light into the device. [ 14 ]   

 Figure  4 c,d show that the measured EQE response is closely 
matched to the model prediction across the visible spectrum. 
The experimentally measured angular response is slightly 
broadened relative to the modeled (ideal) values, which we 
attribute to the anode's surface roughness at the silver/air inter-
face. To obtain these EQE fi ts,  η  CC  = 56% was assumed in the 
inverted device at SPR, likely limited by the polaron pair dis-
sociation effi ciency,  η  ppd . The lower  η  ppd  is attributed to a lower 
built-in fi eld in devices using symmetric contacts, compared to 
that in conventional indium tin oxide (ITO) based cells. Fur-
thermore, the use of PEIE causes electron doping of adjacent 
fullerene thin fi lms, which can increase geminate charge anni-
hilation at the heterojunction and decrease  η  CC . [ 46 ]  Importantly, 
accurate modeling of the EQE spectra at SPR and at normal 
incidence for the inverted geometry can only be obtained under 
the assumption that the MoO  x   buffer is exciton-refl ecting. This 
assumption differs from previous demonstrations (and what 
we show below) of conventional SubPc/C 60  devices employing 
a MoO  x   buffer layer. In conventional structures, accurate mod-
eling of EQE spectra is achieved only if exciton quenching is 
assumed to occur at the SubPc/MoO  x   interface. To illustrate 
this point,  Figure    5  a compares the EQE trace at SPR to simula-
tions assuming a refl ecting or quenching boundary condition.  

 To understand the difference in boundary conditions at the 
SubPc/MoO  x   interface, we draw attention to the SubPc layer 
thickness used in this work, 9 nm, which closely matches the  L  D  
(8.5 nm). We conclude that the majority of exciton quenching 
in the inverted devices studied here are due to interface recom-
bination and not relaxation in the bulk. Increasing the  L  D  
cannot drastically alter the shape of the modeled EQE spectrum 
(Figure  5 a); this can only be achieved by varying the boundary 
condition. We also note that if charge collection effi ciency were 
changing between SPR and normal incidence conditions, we 
would see a shift in EQE across all wavelengths, not solely in 
the SubPc spectrum. Based on this analysis, the most appro-
priate conclusion is that the boundary condition at the SubPc/
MoO  x   interface is indeed changing from exciton quenching in 
conventional devices to exciton refl ecting in inverted devices, 
based on deposition order. 
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 Figure 3.    Calculated decay rate dispersion as a function of the in-plane 
wavevector ( k x  ) and frequency ( ω ) for a perpendicularly oriented exciton 
dipole located at the heterojunction in the inverted MDM structure. 
Dotted white lines indicate the light lines in air and in glass, while hori-
zontal blue dotted lines delineate the measurement range used in this 
study. The dissipated power is shared among three principal decay chan-
nels: a fast mode plasmon located at the air/anode interface (SPP 1 ), a fast 
mode plasmon at the glass/cathode interface (SPP 2 ), and a slow plasmon 
mode shared between both silver contacts (SPP 3 ).
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 It is well known that many organics in contact with MoO  x   
exhibit Fermi level pinning and band bending due to electron 
transfer to the oxide and subsequent hole buildup in the neigh-
boring organic monolayers. [ 47 , 48 ]  Thus it follows that exciton-
polaron annihilation with this space charge is likely responsible 
for the observed quenching behavior by MoO  x  . We hypothesize 
that a change in molecular orientation at the donor/MoO  x   
interface upon reversed deposition order could shut off this 
quenching pathway.  

  2.4.     Surface Plasmon Resonance in Conventional OPV 
Nanocavities 

 As in the inverted device, the refl ectivity and EQE dispersions 
of the SPP 1  mode of a conventional device closely match mod-
eled values (Figure S5, Supporting Information). We observe 
a similar increase in refl ectivity (Δ R  ≈ 0.3) at 460 nm as seen 
in the inverted devices, albeit with a slightly larger deviation 
from the model due to an increased absorption in the C 60  layer 
at SPR. Again this feature does not appear at angles close to 
normal incidence (Figure S3, Supporting Information), further 
confi rming that it is due to a slight orientation anisotropy in 
the extinction coeffi cient. In contrast to the inverted devices, 

however, we observed a very good match to the measured EQE 
dispersion with the assumption that MoO  x   quenches the exci-
tons in SubPc (Figure  5 d). Furthermore, we observed a ≈9% 
drop in  η  CC  at SPR relative to normal incidence. This reduc-
tion is a broadband effect, impacting both donor and acceptor 
photocurrent production, and must originate from a higher 
geminate charge pair recombination rate (lower polaron pair 
dissociation effi ciency) at the heterojunction under SPR condi-
tions. [ 26 ]  Due to the low quantum yield of photon emission from 
geminate charge recombination in SubPc/C 60 , it is unlikely that 
the increase in recombination rate at SPR is caused by optical 
coupling of the polaron pair emission to SPP modes. We specu-
late that the effect may result from hot electron injection into 
C 60  from the SPP-supporting contact at resonance because the 
 η  CC  approaches that of the inverted geometry with electron 
doping from PEIE. The data cannot conclusively support such a 
hypothesis at this time, but warrants further investigation.  

  2.5.     Broadband Absorption and Photocurrent Enhancement at 
Plasmon Resonance 

 Both devices exhibited a broadband enhancement in pho-
tocurrent production at SPR over what is obtained at normal 
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 Figure 4.    a) Modeled and b) measured refl ectivity (a.u.) as a function of the incidence angle (in glass) and free-space wavelength for the inverted MDM 
device structure. The experiment accurately reproduces the shape, magnitude, and location of the guided SPP 1  mode, except for a slight increase in 
refl ectivity at the CT-exciton absorption peak in C 60  ( λ  = 460 nm). The corresponding device EQE (%) as a function of angle and wavelength is also 
shown for both c) modeled and d) measured values. While the refl ectivity data shows a slight discrepancy in the region of C 60  absorption, the EQE of 
these devices closely matches predicted values at all wavelengths. Note the same scale bars are used for both model and experiment.
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incidence, surpassing enhancement factors of 4.3× and 2.8× 
for the inverted and conventional geometries, respectively 
(Figure  5 b,e). The measured enhancement in photocurrent 
is directly attributed to a non-parasitic increase in active layer 
absorption effi ciency, reaching a factor of 9× in both geometries 
under SPR conditions ( Figure    6  ). EQE enhancement factors 
were measured as slightly smaller than predicted from our cal-
culated absorption enhancements, attributed to a low signal-to-
noise ratio for both devices at normal incidence for wavelengths 
longer than ≈625 nm (Figure S6, Supporting Information). 
As shown in Figure  6 a,b, the optical power is dissipated pref-
erentially in the active layers on-resonance at wavelengths 
corresponding to molecular electronic transitions. At photon 
energies below the SubPc bandgap, most power dissipation 
occurs through SPP thermalization near the Ag/air interface, 
further confi rming the nature of the SPP 1  mode probed in 
this study. At wavelengths shorter than ≈450 nm (approaching 
the Ag plasma frequency), SPP propagation is lossy, yielding 
a reduction in absorption effi ciency and EQE below that at 
normal incidence (Figure  6 c). Furthermore, as a result of 
exciton refl ection at the MoO x /SubPc interface (Figure  5 c,f) in 
the inverted device, a 42% higher IQE in the SubPc spectrum 
was observed compared to the conventional device.  

 Interestingly, both devices exhibited nearly identical absorp-
tion spectra at SPR across the visible spectrum (Figure  6 d). 
This is in direct contrast to performance at normal incidence, 
where absorption in the inverted structure is less effi cient than 
in the conventional structure, due to a suboptimal optical fi eld 
profi le. Hence, the absorption and EQE enhancements at SPR 
are larger across the visible spectrum for the inverted device 
architecture. Notably, the EQE spectra at SPR exhibited a 
nearly 50 nm redshift in the onset of absorption (Figure  5 a,d) 
and a nearly fl at absorption profi le for wavelengths ranging 
from 450 to 600 nm (Figure  6 d). This confi rms that near-
fi eld SPP coupling is suited for broadening the sharp absorp-
tion peaks in organics and improving the spectral coverage of 
OPVs. 

 Extending this study to probe the photocurrent enhance-
ments achievable via MDM structures, we simulated the EQE 
of inverted devices having progressively thinner active layers 
down to 3 nm, the equivalent of three molecular monolayers 
( Figure    7  ). As expected, the IQE of the device asymptotically 
approached  η  CC  for thinner layers, as bulk recombination of 
excitons becomes negligible. Critically, the active layer absorp-
tion and EQE at the SubPc peak dropped by only 70% and 
62%, respectively, for a 90% reduction in active layer thickness 
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 Figure 5.    Spectral characteristics of a–c) an inverted device and d–f) a conventional device. a,d) Measured EQE spectra at normal incidence (blue 
circles) and measured along the SPR condition (red triangles) as compared to the corresponding models. The dashed lines indicate the simulated 
response at normal incidence for exciton refl ection and quenching boundary conditions in the inverted and conventional device, respectively. The dotted 
and dash-dotted lines indicate the simulated response at SPR for SubPc exciton quenching and refl ection boundary conditions, respectively. While 
collection effi ciency appears to drop slightly on-resonance in (d), a signifi cant shift in the spectral shape due to the elimination of exciton quenching 
in SubPc by MoO 3  is observed in (a). b,e) The corresponding measured enhancement of photocurrent and EQE at SPR over that at normal incidence. 
IQE at SPR in the c) inverted device and f) conventional device assuming exciton refl ection and quenching at the SubPc/MoO  x   interface, respectively. 
Red squares indicate calculated IQE values from the measured devices and dashed lines indicate the corresponding models, with shaded regions 
representing the 95% confi dence intervals.
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from the devices tested above. This corresponds to 16-fold 
enhancement of absorption within the active layers over that 
at normal incidence. Thus, SPR coupling may also offer a 
novel means to study molecular-scale energy harvesting and 
the photocurrent dynamics of organic heterojunctions, decou-
pled from the effects of exciton diffusion and bulk charge 
recombination.    

  3.     Conclusion 

 We have investigated the enhancement of broadband pho-
tocurrent generation from SPP coupling in planar OPV 
devices with inverted and conventional MDM geometries. We 
observed a signifi cantly broadened absorption with a nearly 
50 nm increase in spectral coverage towards longer wave-
lengths and EQE enhancements at SPR reaching 4.3× and 
2.8× over that at normal incidence for inverted and conven-
tional structures, respectively. While earlier work on single-
layer CuPc-based Schottky diodes having an MDM structure 
showed a 9× enhancement in photocurrent at SPR, those 
devices differ fundamentally from the heterojunctions studied 
here. The enhancement factors measured in this work are 
lower, but apply to devices with PCEs three orders of magni-
tude higher than the Schottky cells. [ 19,20 ]  These results were 
quantitatively supported by device modeling, which indicated 
that the remarkably high EQE at SPR in the SubPc spectrum 
of our inverted devices arose from both a 9× enhancement in 
absorption effi ciency and a modifi cation of the boundary con-
dition of the SubPc/MoO  x   interface. This typically quenching 
interface becomes exciton-refl ecting for inverted cells, indi-
cating exciton recombination at the MoO  x   boundary is sensi-
tive to deposition order. Furthermore, the results demonstrated 
how SPP coupling can be used to maximize IQE, while lifting 
the constraint on optical incoupling effi ency. Finally, these 
results indicated that SPR enhancement in planar metallic 
nanocavities enables the measurement of EQE up to 6% in a 

3 nm thick active layer, representing a 16-fold enhancement in 
absorption effi ciency. 

 Unlike devices incorporating embedded metallic nano-
particles or nanostructured electrodes, the devices based on 
planar MDM structures allow us to probe the potential of 
SPPs to enhance absorption and photocurrent both on- and 
off-resonance with the native molecular absorption peaks. 
Our results show that plasmonic-enhanced absorption and 
photocurrent is maximized at wavelengths off-resonance with 
the molecular absorption peaks, since effi cient absorption is 
already achieved at normal incidence for these wavelengths. 
Our measurements indicate that near-fi eld SPR coupling is 
an effective means for broadening not only the absorption but 
also photocurrent generation in OPVs and OPDs, extending 
their spectral coverage. 

 Direct means of excitation enable a number of applications, 
including OPDs for biosensing and refractive index monitoring 
(in a Kretschmann confi guration), or integrated on-chip optical 
interconnects. [ 18,23 ]  The excitation of the plasmon modes can 
be accomplished in other ways as well, including linear and 
non-linear dispersion elements and luminescent coatings. [ 49,50 ]  
These can potentially enable applications of our fi ndings in 
photovoltaic window coatings or in lateral tandem OPV con-
fi gurations. [ 51,52 ]  The angle-specifi c requirements for enhance-
ment of photocurrent generation are thereby relaxed, although 
sensitivity to polarization remains. 

 This work can inform and improve the rational design of 
plasmonic optoelectronic devices and provide further insight 
into the exciton quenching mechanism present at the MoO  x  /
organic interface. While our study has focused on the SPP 1  
mode located at the Ag/air interface, coupling to other modes 
such as the gap plasmon (SPP 3 ) should minimize power dis-
sipation in the metal contacts and further confi ne absorption to 
the active layers. Moreover, the devices in this study exhibited 
effi cient photocurrent generation with active layer thickness 
on the order of ≈ λ /8 at the free space wavelength of 600 nm. 
By reducing active layer thicknesses even more, or using low 
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 Figure 6.    Spatial distribution of absorbed power vs. incident wavelength within the inverted geometry at a) normal incidence and b) SPR. c) Modeled 
enhancement of active layer absorptivity for both structures at SPR over that at normal incidence. d) Absorption effi ciency of conventional and inverted 
devices simulated at normal incidence and SPR, illustrating the nearly identical absorption in both structures at SPR regardless of active layer orienta-
tion, which strongly affects absorption at normal incidence.
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bandgap organic dyes, such confi nement can be dramatically 
improved. Indeed, simulations indicate the potential for mon-
olayer-scale detectors. Finally, this work showed how an experi-
mentally convenient device structure can be used to directly 
excite thin, fl at donor-acceptor interfacial regions to study 
exciton dissociation processes decoupled from artifacts of bulk 
transport.  

  4.     Experimental Section 
  Device Fabrication : 1 mm thick glass substrates (Fisher Sci.) were 

cleaned via heated (40 °C) sonication in detergent, deionized water, 

acetone, trichloroethylene, and isopropanol followed by boiling in 
isopropanol to remove any surface contaminants. A PEIE layer was 
then spin-cast from a 0.4 wt% solution in water and methoxyethanol at 
5000 rpm for 60 s and annealed at 100 °C for 10 min to create a 10 nm 
thick wetting layer with a refractive index matching that of glass. For 
inverted devices, a 19 nm thick Ag cathode was then deposited using 
vacuum thermal evaporation (VTE) at a rate of 5 Å s −1  to ensure an 
optically smooth fi lm. A second layer of PEIE was then spin cast to form 
a 10 nm layer on the cathode and act as a work function modifying layer. 
Next the small molecular acceptor and donor materials, C 60  and SubPc, 
and the MoO  x   buffer layer were VTE deposited with thicknesses of 18, 
9, and 5 nm at deposition rates of 1, 0.5, and 0.5 Å s −1  respectively. 
Devices were shadow masked and a 22 nm Ag anode was deposited 
with a diameter of 1 mm at a rate of 1 Å s −1  to prevent shorting. For 
conventional device fabrication, 10 nm PEIE was spin-coated on the 
glass substrate followed by VTE deposition of 20 nm thick Ag anode, 
5 nm MoO  x  , 9 nm SubPc, 20 nm C 60 , and 10 nm of bathocuproine 
(BCP) as an exciton blocking layer. Devices were then masked and a 
22 nm Ag cathode was deposited. Depositions by VTE were all carried 
out at pressures below 5 × 10 −7  Torr, with a rotating substrate held 
at room temperature; the entire device fabrication sequence was 
performed within a nitrogen-fi lled glove box containing less than 1 ppm 
O 2  and H 2 O. 

 The organic materials SubPc (>99%), C 60  (>99.5%), and BCP (>99%) 
were purchased from Luminescence Technology Corp., while MoO 3  
(>99.99%) and Ag (>99.99%) were obtained from Sigma Aldrich and 
Kurt J. Lesker, respectively. The active layer materials SubPc and C 60  were 
additionally purifi ed once through vacuum thermal gradient sublimation. 

  Spectrophotometry : Transmissivity and refl ectivity spectra (at normal 
and 7.5° incidence, respectively) were collected using a Perkin Elmer 
Lambda 750 UV/Vis/NIR spectrophotometer and used to confi rm layer 
thicknesses. In both confi gurations, illumination was incident on the 
samples through the glass substrate. 

  Atomic Force Microscopy : AFM measurements were performed in 
air with an Asylum Research Systems MFP-3D standalone system in 
tapping mode. Surface roughness measurements were averaged over 
4 µm × 4 µm areas on each sample. 

  OPV Device Testing and Characterization : EQE measurements were 
carried out in ambient using a custom ATR Kretschmann setup (detailed 
in Figure S1, Supporting Information). Light from a halogen source was 
monochromated using a Newport 130 1/8m Monochromator with a 
spectral full-width-half-maximum (FWHM) of 5 nm and TM-polarized 
using a calcite glan-thompson polarizer. The beam was then optically 
chopped and collimated to less than 1° divergence through a series of 
lenses with a beam size slightly larger than the device area (overfi lling 
method). The photocurrent signal was detected using a Stanford 
Research Systems SR530 lock-in amplifi er at a modulation frequency 
of 185 Hz and compared to a calibrated Newport silicon photodetector 
(Model 1931-C and 818-SL). Samples were attached to a motorized 
rotation stage for angular control of the incident light, coupled into 
each device using a hemicylindrical BK-7 lens and index matching 
fl uid. Devices were tested at normal incidence before and after the 
ATR EQE scans to confi rm there was no device degradation or change 
in spectral response. For refl ectivity measurements, the specularly 
refl ected beam off each sample was compared to the refl ected beam 
of the same polarization from a thick (150 nm) silvered mirror as a 
baseline. For both refl ectivity and EQE Kretschmann measurements, 
a 5 nm wavelength increment and an angular step size of 0.5° were 
used. A detailed discussion of this measurement technique and data 
fi tting can be found in the Supporting Information. 

 Current density–voltage testing was performed in a glove box without 
exposure to air. Devices were illuminated through the glass substrate 
with an Oriel solar simulator (Model 91191–1000) with an AM1.5 fi lter 
and calibrated to 100 mW cm −2  using an NREL-certifi ed Si reference 
cell (Model PVM233 KG5). Data was collected using a Hewlett-Packard 
scanning parameter analyzer (Model 4156B). All device areas were 
measured using a Carl Zeiss A.1 optical microscope and included 
explicitly in calculating EQE,  J  SC , and PCE.  

Adv. Energy Mater. 2014, 4, 1301937

 Figure 7.    a) Inverted device structure with a variable reduction in active 
layer thickness ( x ), with  x  = 0 nm corresponding to the inverted devices 
experimentally measured in this study. b) Average IQE for the devices in 
(a), which asymptotically approaches  η  CC . c) EQE (symbols) and absorp-
tion effi ciency (dashed lines) at SPR for the displayed active layer thick-
ness. d) Absorption effi ciency enhancements at SPR over that at normal 
incidence for the corresponding devices in (c). All data displayed here 
correspond to modeled values.
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