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We theoretically investigate the enhancement of optical absorption in thin-film organic solar cells in
which the top transparent electrode is partially substituted by a periodic metallic grating. We show
that the grating can result in broadband optical absorption enhancement for TM-polarized light, due
to the large field enhancement in the vicinity of the strips of the grating, associated with the
excitation of plasmonic modes. The overall optical absorption in the organic layers can be greatly
enhanced up to ~50% for such solar cell structures. © 2010 American Institute of Physics.

[doi:10.1063/1.3377791]

Thin-film organic solar cells (OSCs) are a promising
candidate for low-cost energy conversion.'® However, sig-
nificant improvement in the efficiency of the cells is required
to make them competitive with grid power,7 In thin-film
OSCs, the active layer thickness must be smaller than the
excitonic diffusion length.4 This, however, limits the photon
absorption efficiency. Recently, it has been demonstrated that
the use of metallic nanostructures in solar cells results in
optical field enhancement, and improvement of the optical
absorption.s’g_12

In this letter, we theoretically investigate the effect of
introducing metallic gratings in thin-film OSCs on their op-
tical absorption efficiency. More specifically, we consider
OSCs in which the top transparent electrode is partially sub-
stituted by a periodic silver grating. We find that, for TM-
polarized light, the metallic strips of the grating can result in
broadband optical absorption enhancement with respect to
solar cells without grating. This is due to the large field en-
hancement in the vicinity of the metallic grating, associated
with the excitation of plasmonic modes. For TE-polarized
light, the metallic grating results in slight suppression in op-
tical absorption. However, the absorption enhancement for
TM light is much larger than the absorption suppression for
TE light, so that the overall optical absorption is greatly en-
hanced up to ~50% under AM1.5 illumination.

A schematic of the OSCs investigated is shown in Fig.
1(a). The top transparent PEDOT electrode typically used in
conventional OSCs is partially substituted by a periodic sil-
ver grating in order to excite plasmonic modes. The active
layers of such solar cell structure, a 4 nm thick electron
acceptor layer (PTCBI) and an 11 nm thick donor layer
(CuPc), are chosen thin to ensure large exciton collection.*
The BCP layer functions as a transparent spacer layer
that transPorts electrons to the bottom optically-thick Ag
electrode. We use a full-wave finite-difference frequency-
domain electromagnetic simulation method"” to calculate
the optical absorption in such structures. This method allows
us to directly use experimental data for the frequency-
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dependent dielectric constant of materials such as silver,14
including both the real and imaginary parts, with no approxi-
mation. The frequency-dependent dielectric constants of
organic materials (CuPc and PTCBI) were obtained from
spectroscopic ellipsometry measurements.” Plane waves are
incident on the structure. Periodic boundary conditions'® are
used at the left and right boundaries, while perfectly matched
layer absorbing boundary conditions'® are used at the top and
bottom boundaries of the simulation domain.

We consider the effect of the metallic grating on optical
absorption in such structures. In Fig. 1(b), we show the ab-
sorption spectra in the organic layers (CuPc and PTCBI) and
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FIG. 1. (Color online) (a) Schematic of a thin-film OSC in which the top
transparent PEDOT electrode is partially substituted by a periodic silver
grating. (b) Absorption spectra in the organic layers (CuPc and PTCBI) of
the solar cell for normally-incident TM-(TE-) polarized light. We also show
the absorption spectra in the silver grating for TM-(TE-) polarized light, and
the absorption spectra in the organic layers of a solar cell without grating.
Results are shown for P=200 nm, w=60 nm, L;=20 nm, L,=11 nm, L;
=4 nm, and L,=12 nm. [(c)—(d)] Electric field intensity profile for a solar
cell structure with metallic grating for normally-incident TM-polarized light
at A=650 and 430 nm. One period of the structure is shown. All other
parameters are as in (b).
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FIG. 2. (Color online) [(a)—(b)] Absorption in the organic material layers,
and the metallic grating for normally-incident TM-polarized light as a
function of grating periodicity P and wavelength. Results are shown for
w=50 nm. All other parameters are as in Fig. 1(b). (c) Total TM (TE)
absorptivity Ary (Aqg) as a function of grating periodicity P for normally-
incident light. We also show the overall absorptivity At of the solar cell,
as well as Aq,, of a cell without grating. All parameters are as in (a). (d)
Imaginary part k of the refractive index as a function of wavelength for the
organic materials CuPc and PTCBI. We also show the solar irradiance
spectrum.

in the metallic grating for normally-incident TM- and TE-
polarized light. For TM-polarized light, the absorption spec-
trum in organic layers shows broadband enhancement com-
pared to the spectrum of a solar cell without grating in the
wavelength range 450 nm=A=850 nm. Examining the
field pattern at the peak of this absorption band (A
=650 nm), we notice strong field enhancement especially
throughout the CuPc organic layer [Fig. 1(c)]. This is due to
a broadband surface plasmon mode that is concentrated in
the silver-organic layer interface (SO-SP mode). In contrast,
the absorption spectrum in the silver region exhibits a sharp
peak at A=430 nm. Examining the field pattern at this peak
[Fig. 1(d)], we note that it is associated with a surface plas-
mon mode that is concentrated in the silver-glass interface
(SG-SP mode). Thus, the asymmetry in the structure, in the
form of index difference between the CuPc organic layer
(n~1.8) and glass (n~ 1.5) enables us to spectrally separate
out the absorption in the silver region, which is undesirable,
from the beneficial absorption enhancement in the organic
layers. As a result, the solar cell parameters can be tuned, so
that the SO-SP mode wavelength range and the SG-SP mode
wavelength range have maximum and minimum overlap, re-
spectively, with the high-absorption range of organic materi-
als. In contrast, for TE-polarized light, the metallic grating
results in slight suppression of the absorption in organic lay-
ers [Fig. 1(b)], since the grating blocks part of the incident
light, and the very thin organic layers here do not support
any TE waveguide modes, which are known to enhance the
absorption in thicker film solar cell structures.*!" The TE
absorption in the silver grating is lower than the TM absorp-
tion, since no plasmonic TE modes are excited.

We next consider the effect of grating periodicity P on
the optical absorption. In Figs. 2(a) and 2(b), we show the
absorption in the organic layers and the metallic grating, re-
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spectively, for normally-incident TM-polarized light, as a
function of grating periodicity P and wavelength. We ob-
serve broadband high absorption for 80 nm<<P <300 nm,
associated with the SO-SP mode [Fig. 2(a)]. Strong absorp-
tion is observed for a wide range of grating periodicities P,
because the properties of the SO-SP mode supported by the
periodic metallic strips are mainly determined by the strip
width w and thickness L;, and are weakly dependent on P for
P>100 nm. For periodicities P<<100 nm, we found that
the field of the SO-SP mode is concentrated in the slits be-
tween strips, hence the absorption in the organic layers de-
creases. The SG-SP mode results in high absorption in the
silver strips for 200 nm <P <350 nm [Fig. 2(b)]. Such ab-
sorption is narrowband, because the SG-SP mode is excited
only when the grating phase-matching condition is
satisfied.'” We also observe that the SG-SP mode causes nar-
rowband absorption in the organic layers for 350 nm<P
<450 nm[Fig. 2(a)], which has therefore little contribution
to the overall absorption in organic layers.

We define the total absorptivity over all wavelengths for
TM- and TE-polarized light as
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where ary(N) [arg(N)] is the absorption spectrum in organic
layers for TM-(TE-) polarized light, and S(\) is the solar
irradiance spectrum [Fig. 2(d)]. In Fig. 2(c), we show the
total absorptivities Ay and Atg as a function of grating
periodicity P for normally-incident light, compared to the
case of solar cells without grating. We observe a broad peak
in Apy due to the large field enhancement from the SO-SP
mode. For P=100 nm Ary; decreases due to the concentra-
tion of the SO-SP modal field in the PEDOT slits, as men-
tioned above. Aty also decreases with P for P>200 nm,
since the effect of plasmonic absorption enhancement in the
vicinity of the strips becomes weaker as P increases. On the
other hand, when P increases, more TE light can transmit
through the slits of the grating, and Arg therefore increases.
Since the absorption enhancement in the TM case is much
larger than the absorption suppression in the TE case, the
overall absorption A= (Arv+Atg)/2 is greatly enhanced
for a large range of P.

We now consider the effect of strip width w and thick-
ness L, on the absorption in the organic layers. In Figs. 3(a)
and 3(b), we show Ay, Aqg, and A as a function of w
and L,, respectively, for normally-incident light, compared to
solar cells without grating. As mentioned above, the proper-
ties of the SO-SP mode are mostly determined by the strip
width w and thickness L;. When w and L, are chosen so that
the SO-SP mode wavelength range optimally overlaps with
the high-absorption wavelength range of organic materials
[Fig. 2(d)], a TM absorption peak is observed [Figs. 3(a) and
3(b)]. For TE-polarized light, larger metallic width w blocks
more incident light, and increased metallic thickness L; al-
lows less light to transmit through the slits of the grating, so
that Arg decreases with both w and L,. However, the overall
absorption Aty is enhanced for a large range of w and L,
due to the much stronger enhancement in Ay

In Fig. 3(c), we show the total absorption enhancement,
defined as the ratio of A, with grating to Ar,, Without
grating, as a function of the periodicity P and the strip width
w for normally-incident light. We observe that, for increasing
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FIG. 3. (Color online) (a) Total TM (TE) absorptivity Ay (Arg) as a
function of grating width w for normally-incident light. We also show the
overall absorptivity At of the solar cell, as well as Ar,,; of a cell without
grating. All other parameters are as in Fig. 1(b). (b) Ay (Aqg) as a function
of grating thickness L; for normally-incident light. We also show Ar, of
the solar cell, as well as Ap,, of a cell without grating. Results are shown
for w=50 nm. All other parameters are as in Fig. 1(b). Note that A, of
the solar cell without grating slightly decreases with L;, due to the weak
absorption in PEDOT layer. (c) Total absorption enhancement as a function
of grating periodicity P for w=40, 60, 80, and 100 nm. All other parameters
are as in Fig. 1(b). (d) Total TM (TE) absorption enhancement as a function
of incident angle. We also show the total absorption enhancement of the
solar cell. Results are shown for w=50 nm. All other parameters are as in
Fig. 1(b).

w, the enhancement peak shifts to larger P. This is due to the
fact that the width P-w of the slits between neighboring me-
tallic strips has to be large enough to avoid concentration of
the SO-SP modal field in the slits. The maximum enhance-
ment of ~50% is obtained for w=60 nm, due to the optimal
overlap between the SO-SP mode wavelength range and the
high-absorption wavelength range of organic materials. We
also found similar enhancements for devices with indium tin
oxide top electrodes.
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Finally, in Fig. 3(d) we show the effect of incident angle
on the total absorption enhancement. Even though the optical
absorption in the organic layers decreases rapidly at large
angles due to the large reflection at the air/glass interface, the
absorption enhancement is weakly dependent on the angle of
incidence. This is due to the fact that the SO-SP mode is
broadband [Fig. 2(a)], and is excited for a wide range of
angles of incidence.
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