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Dielectric/metal/dielectric (DMD) electrodes have the potential to significantly increase the absorption efficiency
and photocurrent in flexible organic solar cells. We demonstrate that this enhancement is attributed to a broadband
cavity resonance. Silver-based semitransparent DMD electrodes with sheet resistances below 10 ohm/sq. are fab-
ricated on flexible polyethylene terephthalate (PET) substrates in a high-throughput roll-to-roll sputtering tool. We
carefully study the effect of the semitransparent DMD electrode (here composed of ZnxSnyOz∕Ag∕InxSnyOz) on the
optical device performance of a copper phthalocyanine (CuPc)/fullerene (C60) bilayer cell and illustrate that a res-
onant cavity enhanced light trapping effect dominates the optical behavior of the device. © 2013 Optical Society of
America
OCIS codes: (310.7005) Transparent conductive coatings; (310.6845) Thin film devices and applications; (310.6860)

Thin films, optical properties; (040.5350) Photovoltaic.
http://dx.doi.org/10.1364/OL.38.001431

Organic solar cells (OSCs) are promising candidates for
large-scale deployment of solar energy conversion be-
cause they use thin films of photoactive material and can
be manufactured using scalable, cost-efficient, roll-to-roll
processes [1]. In the vast majority of OSCs, InxSnyOz
(ITO) is used as the transparent electrode material of
choice due to its excellent optical and electrical proper-
ties. A current challenge for OSCs is that optimal combi-
nations of transparency and sheet resistance for ITO are
only achieved at elevated processing temperature [2].
Therefore, good quality ITO is incompatible with low-
cost plastic substrates. To overcome this first challenge,
the insertion of thin metal layers has been suggested to
enhance the lateral conduction of electrodes made of
lower-quality ITO deposited at lower temperature [3].
A second challenge of many OSCs is the inherent

trade-off between achieving complete optical absorption
and good carrier transport. A photoactive film thickness
of ∼200 nm is typically required to absorb all incident
photons, but such thick films are often accompanied by
too poor charge transport to allow for complete carrier
extraction. To address this trade-off, absorption en-
hancement strategies based on photonic or plasmonic
light trapping have been suggested [4,5]. As the thickness
of the organic layers is smaller than the wavelength of the
absorbed light, interference effects are unavoidable, but
can be exploited to maximize absorption in the photoac-
tive layer by making use of optical spacer effects or spec-
trally selective semitransparent mirrors [6].
Addressing the challenges above, it has been demon-

strated that the use of Ag-based semitransparent electro-
des results in an equivalent solar cell performance due to
optical cavity effects induced by these electrodes, mak-
ing them attractive ITO replacements [7–11]. Most of this
previous work has been done utilizing polymer photo-
active layers. Here, we show that such an equivalent per-
formance is also achievable for ultrathin small-molecule

solar cells on flexible substrates. Moreover, the optical
cavity effects induced by the Ag-based semitransparent
electrode are revealed by experiments as well as optical
simulations.

The ZnxSnyOz∕Ag∕InxSnyOz (ZAI) transparent electro-
des were sputter deposited onto polyethylene terephtha-
late (PET) substrates in a custom-built roll-to-roll coater.
A schematic of the structure is shown in Fig. 1(a). The
20 nm thick bottom ZnxSnyOz (ZTO) layer behaves as
a seed layer for Ag nucleation and can be tuned in thick-
ness to optimize the transmission. A 7 nm unpatterned
Ag film is deposited on top of ZTO, followed by a
44 nm thick ITO layer. The Ag film behaves as a semi-
transparent mirror and at the same time enhances the
in-plane conductivity, reducing the overall sheet resis-
tance of the electrode relative to pristine ITO. The top
ITO layer can be less conductive by virtue of the pres-
ence of the Ag layer and can therefore be deposited at
room-temperature. The advantage of this ZTO/Ag/ITO
composite electrode is its compatibility with high-
throughput manufacturing [12]. A 140 nm thick pristine
ITO electrode on PET is deposited at the same deposition
conditions and serves as a reference electrode.

The spectral transmission of the ZAI electrode is
shown in Fig. 2(a) and compared to the pristine ITO

Fig. 1. Device geometry for the solar cells fabricated on the
(a) ZAI and (b) ITO anodes.
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electrode. A good agreement was obtained between the
experimental measurements and the optical model using
the transfer matrix algorithm. The ZAI electrode and ITO
reference have AM1.5G photon density weighted trans-
missivity (TAM1.5) of 77.0% and 78.8%, respectively, in
the wavelength range of λ � 400–800 nm. The specular
transmission of the ZAI anode exceeds that of the ITO
reference in the spectral range of λ � 380–610 nm. Addi-
tionally, its sheet resistance measured using a four-point
probe is 7.0� 0.5 ohm∕sq:, which is significantly lower
than that of the ITO reference (51.7� 0.5 ohm∕sq:). This
low sheet resistance can have benefits for large area so-
lar modules, where the series resistance of the solar cell
becomes a limiting factor.
Ignoring interference effects, one would expect that,

relative to the ITO reference, the total absorption effi-
ciency (TAE) and external quantum efficiency (EQE)
of solar cells on the ZAI electrode would be higher at λ �
380–610 nm and lower at λ > 610 nm. In contrast, we
show here that resonant cavity effects created between
the ZAI anode and a reflecting cathode actually lead to an
opposite trend for thin-film solar cells. To illustrate this
effect we have fabricated archetypal copper phthalocya-
nine (CuPc)/fullerene (C60) bilayer solar cells on these
electrodes using thermal evaporation. The device geom-
etry is illustrated in Fig. 1 and consists of 5 nm MoO3,
20 nm CuPc, 40 nm C60, 10 nm bathocuproine (BCP),
and 100 nm Ag, deposited in the same thermal evapora-
tion run on the ZAI anode and on the reference ITO

electrode. A shadow mask was used to define an active
area of 0.13 cm2.

In addition to the EQE, the total reflection (R) of the
solar cells was measured to determine the TAE � 1 − R.
In Fig. 2(b), the measured EQE (bottom) and TAE (top)
spectra are shown for the devices fabricated on top of the
ZAI (circles) and ITO anodes (triangles). Even though the
far-field transmission of the ZAI electrode without the so-
lar cell stack deposited on it is lower than that of ITO at
λ � 550–750 nm [Fig. 2(a)], the TAE of the solar cell on
the ZAI anode is significantly higher than that of the ITO
reference at this wavelength range, which coincides with
the CuPc absorption Q-band. The TAE of the solar cell on
the ZAI anode reaches values of nearly 90% in the CuPc
Q-band and even exceeds the far-field transmission,
indicative of a resonant cavity that is formed between
the ZAI anode and the Ag backreflector/cathode. In con-
trast, the TAE of the device fabricated on ITO never ex-
ceeds the far-field transmission of the bare anode. To
understand this trend it is important to note that for
the ITO anode, most of the light that is not transmitted
is absorbed by the ITO layer. In the bare ZAI electrode,
on the other hand, the main loss in far-field transmission
is due to reflection, which can be reduced by carefully
designing the solar cell structure, leading to a peak TAE
beyond what is achievable using ITO electrodes.

To confirm our experimental observation, the mea-
sured TAE and EQE are compared to an optical model
based on the transfer matrix algorithm combined with
an exciton diffusion model [6,8], as shown in Fig. 2(c).
The exciton diffusion model assumes 80% charge separa-
tion at the donor-acceptor interface and no exciton
quenching at the other interfaces. The diffusion lengths
of the donor and acceptor were used as fitting parame-
ters and were found to be LD;CuPc � 6.9� 0.1 nm and
LD;C60 � 18.0� 0.1 nm, respectively, in agreement with
literature values [13]. An excellent spectral match is
obtained between the experimental observation and
the optical model for both EQE and TAE.

When optimizing the photon harvesting in a solar cell
one needs to maximize the field intensity in its photoac-
tive layer for the desired absorption range. In Fig. 3, the
field intensity at normal incidence, jEnj2, is shown as a
function of wavelength and position inside the solar cells
on (a) the ITO reference anode and (b) the ZAI anode on
PET. The field intensity is normalized to the incoming
field intensity. In order to help understand the interfer-
ence profiles, the position of the first maximum of the
field intensity is indicated with a dashed line. In Fig. 3(b),
we find that constructive interference of the incoming
light between the ZAI anode and the back contact leads
to strong enhancement of the field intensity within the
CuPc layer in the spectral region of the CuPc Q-band.
This coherent light trapping effect leads to enhanced
absorption and photocurrent for the ZAI anode. In con-
trast, this resonance effect is not observed for the solar
cell fabricated on the ITO anode. It is noteworthy that
the maximal optical performance for this thin photoac-
tive layer is obtained when the resonant cavity is tuned
to coincide with the CuPc Q-band, thus where the ab-
sorption is strongest. This is in contrast to many polymer
solar cells, which typically exhibit nearly complete

Fig. 2. (a) Measured (markers) and modeled (curves) spectral
transmission of the ZTO�20 nm�∕Ag�7 nm�∕ITO�44 nm� elec-
trode (circles) as well as the reference ITO (140 nm) electrode
on PET (triangles). The transmission is referenced to air, and
thus includes the reflection and absorption of the substrate.
(b) Measured and (c) modeled TAE (top curves) and EQE (bot-
tom curves) for the solar cells on ZAI anode (circles, dashed)
and ITO reference (triangles, solid).
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absorption in their absorption bands, such that only the
absorption tails are available for enhancement.
In conclusion, we have fabricated roll-to-roll ZTO/Ag/

ITO electrodes with low sheet resistance on flexible sub-
strates. We optimized the optical performance of solar
cells on these semitransparent anodes, not by simply

maximizing the far-field transmission of the bare elec-
trode, but by tuning the width of the resonant optical cav-
ity formed between the ZAI electrode and a backreflector
to maximize the photon harvesting.
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Fig. 3. Normalized field intensity at normal incidence for the
solar cells fabricated on (a) ITO and (b) ZAI anodes on PET.
Light is incident from the top through the PET substrate.
The dashed line approximates the first maximum of the field
intensity at x � λ∕�4nC60�, where x is the distance from the back
contact and nC60 is the refractive index of the C60 layer.
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