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Matching Photocurrents of Sub-cells in Double-Junction
Organic Solar Cells via Coupling Between Surface Plasmon
Polaritons and Microcavity Modes
Yu Jin, Jing Feng,* Ming Xu, Xu-Lin Zhang, Lei Wang, Qi-Dai Chen, Hai-Yu Wang,
and Hong-Bo Sun*
Organic photovoltaics offer a potentially low-cost, flexible, lightweight, and large-area source of renewable energy.[1] Recently,
much work on designing new materials,[2] device structures[3]
and processing techniques[4] has been carried out to improve
the power conversion efficiency (PCE) of organic solar cells.
So far, efficiencies of ∼8% for small molecule[5] and ∼10%
for polymer devices[6] have been acheived. However, further
improvements are still required for their commercial application. In particular, the open-circuit voltage (Voc) needs to be
improved for their ideal application in driving low-power electronic devices, typically to ∼4.2 V.[7] Tandem configurations, in
which two or more single cells are stacked in series, have been
accepted as a successful and universal strategy to increase the
Voc of the devices.[8] A record of up to 7 V for six-junction solar
cells has been reported.[9] However, the photocurrent of the
tandem cells is usually lower than that of the single-junction
cells, because less light is absorbed by the back sub-cell compared to the front one in a typical tandem device, which creates
an imbalance in the photocurrent generated by the back and
front sub-cells, and limits the PCE of the overall device. Therefore, matching the photocurrent of the back and front sub-cells
is crucial for a high PCE of the tandem organic solar cell.
Appropriate choice of materials with different bandgaps can
overcome this problem to a certain degree.[10] However, this
approach is difficult to apply to multi-junction organic solar
cells, especially for small molecule-based cells, due to the limited choice of the small-molecule donor materials that have
significantly different absorption profiles. Careful design of the
optical field and photovoltaic contributions from the sub-cells is
another strategy to optimize the tandem cell. Surface plasmon
polariton (SPP)-induced field enhancement has been believed
to be a highly attractive solution to enhance optical obsorption
in an organic solar cell without increasing the thickness of its
active layers.[11] SPPs are described as confined light waves
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propagating along the interface between a metal and a dielectric
or semiconductor material.[12] SPPs can be excited in solar cells
by employing a metallic nanostructure, such as metallic nanoparticles,[13] and a periodically nanopatterned metal film.[14] In
this Communication, SPP resonance has been employed in
the small molecule-based double-junction organic solar cells
with two identical sub-cells to enhance the optical absorption of the back sub-cell by employing periodical corrugation
in the metallic cathode. Both the SPP and microcavity modes
are supported by the corrugated device structure, and the SPP
resonance is tuned by tuning the period of the corrugation, so
that an anti-crossing between the SPP and microcavity modes
within the device is realized. This anti-crossing plays an important role in enhancing the absorption of the back sub-cell, and
thereafter achieving a balanced photocurrent of front and back
sub-cells, which results in an improved PCE for the doublejunction device. Both simulation and experimental results support the effect of the anti-crossing behavior on the absorption
enhancement. 10.4% enhancement in the photocurrent, and
11.3% enhancement in the PCE have been achieved in the
double-junction devices with this periodical corrugation.
Boron subphthalocyanine chloride (SubPc) was used as the
donor material (Figure 1(a)), and fullerene (C60) was used as
the acceptor material in both sub-cells in this work. Figure 1(b)
schematically illustrates the structure of the corrugated doublejunction devices, where the corrugation was introduced into the
device by holographic lithography. The fabrication process of
the corrugation is shown in Figure S1.[15] The 1D corrugations
with various periods from 250 to 400 nm were fabricated on the
surface of photoresist film. The surface profile of the corrugation with 300 nm grating period is shown in Figure 2(a), and
the groove depth was determined to be around 80 nm (inset
in Figure 2(a)). The following electrode and organic layers
were deposited by thermal evaporation. Ag nanoparticle (Ag
NP)/MoO3 was used as the interlayer. The Au and Ca/Ag were
used as anode and cathode, respectively, which formed a metalmirror microcavity structure in the solar cells. To clarify the
sequential structures of the front and back sub-cells after the
depositon process, the cross section of the corrugated device
was investigated by scanning electron microscopy (SEM) measurement. Figure 2(b) shows the image of the corrugated device
at 90°. The front and back sub-cells both display corrugated
structures, and the interlayer of Ag NP/MoO3 is visible. The top
surface of the corrugated and planar devices were also scanned
by SEM and are shown in Figure 2(c) and (d); they exhibit
identical morphology to that of the substrate. The SEM results
indicate that the profile of the deposited layers is essentially a
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cells, which coincides with the intrinsic
absorption of SubPc.
The optical modes in the planar and corrugated devices were identified by simulating
both the absorption spectra and the spatial
magnetic field (Hy) intensity distribution
across the device structure by employing
the finite-difference time-domain (FDTD)
method.[16] A corrugation with sinusoidal cross
section and fill factor of 50% was employed
in the simulation. The refractive index of the
organic materials employed in the solar cells
was measured by ellipsometry and is shown in
Figure 1. (a) Chemical structure of the donor material boron subphthalocyanine chloride. Figure S2. The simulated absorption spectra of
the planar and corrugated devices with various
(b) Schematic structure of the corrugated double-junction solar cells.
periods are shown in Figure S3, which exhibit
agreement with the experimental measurements. Figure 4(a) and
replication of the underlying substrate, forming a periodic cor(b) show the simulated field distribution for the planar device at
rugation throughout the structure.
wavelengths of 510 and 650 nm, respectively. It can be seen that
Understanding of the SPP effect on the absorption starts
the high field intensity at the two wavelength positions are both
from analyzing the absorption spectra of the tandem devices.
confined within the device, which is assigned to the standingFigure 3 shows the measured absorption spectra of planar and
wave microcavity modes due to the light reflection between the
corrugated double-junction devices with various periods, which
two metallic electrodes. The optical resonance condition for light
were obtained from the complementary relation between reflecin the microcavity can be described as[17]
tion and absorption. For the planar device, two absorption
peaks appear at around 510 nm and 620 nm. For the corrugated

m8
8
device with the period of 400 nm, an additional peak appears at
(1)
ni di +
(n1 + n 2 ) =
i
4B
2
around 700 nm, which blueshifts with decreasing period and
where ni and di are refractive index and thickness of the layers
between two mirrors, respectively, ϕ1 and ϕ2 are the phase
change upon reflection from two mirrors, and m is a positive
integer. There are two wavelengths satisfying the equation
simultaneously, due to the anomalous dispersion of the SubPc at the wavelength region
from 500 to 600 nm, as shown in Figure S2,
where the refractive index promptly increases
with the increase of wavelength. Therefore,
the two absorption peaks at 510 nm and
620 nm both originate from microcavity resonance in the planar double-junction organic
photovoltaic (OPV) as shown in Figure 3,
which almost cover the intrinsic absorption
region of SubPc from 500 to 620 nm.
Figure 4(c) shows the field distribution of
the corrugated device with a 300-nm period
at the wavelength of 650 nm. It can be seen
that the field intensity exhibits its maximum
mainly at the Ag cathode/back sub-cell
interface and decays exponentially into both
media, and in particular, extends to the SubPc
layer of the back sub-cell. Combined with the
blueshift of this mode with decreasing period,
it can be assigned to the SPP resonance at
the Ag cathode/back sub-cell interface. Meanwhile, the microcavity mode also exists at
this interface. Figure 4(d) shows the disperFigure 2. (a) Atomic force microscopy (AFM) image of the 1D corrugation on the photoresist sion map for the corrugated devices, in which
the absorption intensity appears as a funcsurface, and the inset is the cross section. (b) SEM cross section of the corrugated device.
(c,d) Top-view SEM images of the corrugated and planar double-junction solar cells, respectively. tion of both grating periods and absorption
becomes undistinguishable due to its overlap with the absorption peak at 620 nm. When the period decreases to 300 and
250 nm, a broadband absorption enhancement is observed at
around 600 nm compared to that of the planar tandem solar
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Figure 4. Distribution of the magnetic field intensity in the planar double-junction cells at the
wavelengths of 510 nm (a), 650 nm (b), and the corrugated double-junction cells with period of
300 nm at the wavelength of 650 nm (c). (d) Dispersion relationship for the wavelength versus
the period of the corrugation of the corrugated double-junction cells.
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Figure 3. The experimentally measured absorption spectra of the planar and corrugated
double-junction solar cells with periods of 400 nm (a), 350 nm (b), 300 nm (c) and 250 nm (d).

wavelengths. It can be seen that the peak
of the SPP resonance exhibits a blueshift
with decreasing period, and an anti-crossing
between the SPP mode and microcavity
mode occurs when the period is decreased to
around 300 nm. This anti-crossing is caused
by strong interference between the SPP and
microcavity modes at the Ag cathode/back
sub-cell interface. Anti-crossing between
the SPP and microcavity modes has been
reported in the metal–dielectric–metal structure, in which a strong field enhancement
could be obtained.[18] Moreover, it leads to a
broadband resonance at around 600 nm due
to the formation of a large anti-crossing gap.
We can conclude from the theoretical results
that the improved absorption for the corrugated cells originates from the field enhancement induced by the anti-crossing between
the SPP and microcavity modes, and the
enhancement is mainly from the back subcell. It would improve the balance of the photocurrent between the back and front subcells. Notably, the absorption ranging from
400 nm to 500 nm also exhibits significant
enhancement as shown in Figure 3, which
corresponds to the absorption of C60, and can
be attributed to the elongated optical path of
the incident light by scattering from the corrugated electrodes.[19] Therefore, a broadband
absorption enhancement in the back sub-cell
is obtained for the corrugated solar cells.
To verify the effect of the field enhancement induced by the anti-crossing on the
photocurrent, current density–voltage (J–V)
curves of the solar cells with different structures were measured and are shown in
Figure 5(a). Device A and device B are singlejunction and double-junction planar solar
cells, respectively. Device C is a corrugated
double-junction solar cell with a period of
300 nm. The Voc of the planar and corrugated
double-junction devices is the same, and is
nearly twice the Voc of the single-junction
devices, as expected.[20] It suggests that the
Ag NPs/MoO3 interlayer does not introduce
any electrical losses and the introduction of
corrugation does not increase the interface
resistance. In case of the short-circuit current density (Jsc), the planar double-junction solar cells exhibit lower Jsc compared
to that of the planar single-junction solar
cells, which is caused by the imbalance of
absorption between the back and front subcells. However, the Jsc of the double-junction
solar cells with the periodic corrugation is
improved and even higher than that of the
single-junction solar cells. The improved
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compared to that of the planar double-junction OPV (device B,
5.10 mA cm−2). As a result, the PCE of the corrugated device
(device C) is increased to 6.1%, which shows an 11.3% enhancement compared to that of the planar device (device B, 5.48%).
The absorption enhancement due to the anti-crossinginduced field enhancement is further verified by comparing the
measured incident photon to current conversation efficiency
(IPCE) spectra of the corrugated and planar double-junction
solar cells, as shown in Figure 5(b). The IPCE spectra shows
obvious enhancement in the absorption region of SubPc for
the corrugated device C compared to that of the planar device
B, which is identical with their absorption spectra, as shown
in Figure 3(c), and attributes to anti-crossing-induced field
enhancement. Meanwhile, the enhancement of IPCE from
400 nm to 500 nm is attributed to the elongated optical path of
the incident light scattering by the corrugated electrodes.
In conclusion, the optical absorption of the back sub-cell in
the double-junction organic solar cells has been enhanced by
strong coupling between the microcavity and propagating SPP
modes at the Ag/back sub-cell interface by employing a periodic wavelength-scale corrugation into the device structure. The
SPP resonance has been tuned to the intrinsic absorption wavelength of the photovoltaic material through tuning the period
of the corrugation, and coincides with that of the microcavity
mode, which results in their anti-crossing and leads to the field
enhancement at the absorption region of the SubPc. Therefore,
the optical absorption of the back sub-cell is improved and
matched to that of the front sub-cell. As a result, the photocurrent is improved by 10.4% and a PCE of 6.1% is achieved,
which is an 11.3% enhancement.

Experimental Section

Figure 5. (a) J–V characteristics of the devices A, B, and C. (b) IPCE
spectra of the planar (device B) and corrugated (device C) double-junction solar cells.

balance of the photocurrent in both back and front sub-cells
induced by the anti-crossing contributes to this improvement,
and the improved absorption of C60 due to the elongated optical
path induced by the corrugation may also contributes to the
improved Jsc. The detailed results are given in Table 1. The
Jsc of the corrugated double-junction solar cells (device C) is
5.63 mA cm−2, which corresponds to an enhancement of 10.4%
Table 1. The photovoltaic parameters of the planar single-junction cell
(device A), the planar double-junction cell (device B), and the corrugated
double-junction cell (device C).
Jsc
[mA cm−2]

812

Voc
[V]

FF
[%]

PCE
[%]

Device A

5.43

1.1

51

3.07

Device B

5.10

2.1

51

5.48

Device C

5.63

2.1

51

6.10
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Preparation of Periodically Corrugated Substrate: The process steps for
fabrication of periodical corrugation by holographic lithography are shown
in Figure S1. A continuous laser with 266 nm wavelength (Coherent Inc.)
was used as irradiance light source. A 120-nm-thick layer of photoresist
(NOA-68, Norland Inc.) was spin-coated onto the cleaned glass substrate
and exposed to two beams which were split from the laser with beam
size of ~6 mm in diameter. The spatial period is defined by the angle
between the two laser beams. After exposure, the sample was baked for
1 min at 95 °C and then developed in acetone. The morphologies of the
microstructure were characterized by atomic force microscopy (AFM,
Digital Instruments Nanoscope IIIA) in tapping mode.
Solar Cell Fabrication and Evaluation: The corrugated and planar cells
were both fabricated on glass substrates with or without the corrugated
photoresist. The substrates were loaded into a thermal evaporation
chamber. A 15-nm-thick Au layer (∼10 Ω/square) was deposited onto the
substrates by thermal evaporation through a shadow mask as the anode.
5-nm MoO3 anodic modification layer, front sub-cell, Ag nanoparticles
(Ag NPs 0.3 nm)/MoO3 (5 nm) interlayer, back sub-cell and Ca (3 nm)/
Ag (100 nm) cathode were evaporated sequentially. The front and back
sub-cells were both using 18-nm boron subphthalocyanine chloride
(SubPc) as the donor, 25-nm fullerene (C60) as the acceptor, and 4-nm
bathocuproine (BCP) as an exciton block layer. Organic and metallic
films were thermally evaporated under high vacuum (5 × 10−4 Pa). All
organic materials were purchased from LumTec. Corp. and used as
received. The active area of the device is 2 mm × 2 mm. The thickness
of each layer was monitored by quartz crystals and calibrated by a
spectroscopic ellipsometer (J. A. Woollam Co., Inc. USA). Over 50
separate devices with and without corrugation were fabricated. The
current density–voltage (J–V) curves of all solar cells were measured
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