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Effective absorption enhancement in small molecule organic solar
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We demonstrate that the optical absorption is enhanced in small molecule organic solar cells by using a trapezoid
grating structure. The enhanced absorption is mainly attributed to both waveguide modes and surface plasmon modes,
which is simulated by using finite-difference time-domain method. The simulated results show that the surface plasmon
along the semitransparent metallic Ag anode is excited by introducing the periodical trapezoid gratings, which induce the
increase of high intensity field in the donor layer. Meanwhile, the waveguide modes result in a high intensity field in
acceptor layer. The increase of field improves the absorption of organic solar cells significantly, which is demonstrated
by simulating the electrical properties. The simulated results also show that the short-circuit current is increased by 31%
in an optimized device, which is supported by the experimental measurement. Experimental result shows that the power
conversion efficiency of the grating sample is increased by 7.7%.
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1. Introduction

Organic solar cells (OSCs) have been of great interest in
recent years for their unique properties of low-cost processing,
mechanical flexibilities, and scalabilities, though their power
conversion efficiency values are lower than those of the tradi-
tional silicon-based solar cells.[':*) Up to now, the reported
efficiency values of OSCs can reach 9.2% by using a tan-
dem structure with different kinds of polymer materials,"!
and the efficiency values of small molecule organic solar cells
(SMOSCs) are up to 12%.*] However, the primary bottleneck
of OSC is the trade-off between exciton diffusion and light
absorption. > The optical absorption length of organic ma-
terial is around 100 nm, while the exciton diffusion length is
of the order of 10-50 nm."~! Therefore, the absorption effi-
ciency and exciton diffusion efficiency in a conventional OSC
are coupled, opposing quantities; increasing absorption by in-
creasing the device thickness leads to a decrease in exciton
diffusion efficiency and vice versa.l'!l Additionally, due to
the mismatch of the work function between organic material
and metal electrode, the charge collection efficiency of OSC
is poor, which further limits the efﬁciency.[lz] Hence, how to
resolve these problems becomes a premise condition.

Recently, many approaches have been proposed to re-
lease this trade-off of OSCs. Among them, applying a metal-
lic subwavelength structure in an OSC is a promising way to
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trap the incident light into organic layers.!
effect of the subwavelength structure is that it can support
the surface plasmon polaritons (SPPs) propagating along the
metal/dielectric interface and the localized surface plasmon
(LSP).571921.221 For small metallic nanoparticles with di-
mensions much smaller than the wavelength, the scattering ef-
ficiency is lower than the absorption efficiency, which results

in obvious thermal loss.[!3:23

I'In contrast to metallic nanopar-
ticles, a periodical metallic nanograting with a tunable pe-
riod can modulate the surface plasmon resonances and scatter
photons into the active layer.[®! In previous work, a metallic
nanograting has been used in a traditional silicon-based solar
cell to improve the light harvest efficiency, which has been

IL17] 1ny the present pa-

demonstrated by theoretical analysis.!
per, we propose a process-compatible trapezoid nanograting
structure in a top-illuminated SMOSC to increase the opti-
cal absorption efficiency. We optimize the grating structure
by calculating the absorption spectra of the active layer, and
reveal the reason for the absorption enhancement in differ-
ent cases by analyzing the physical mechanisms. The simu-
lated current density—voltage properties of the optimized de-
vice exhibits a significant improvement in optical absorption

efficiency, which is further supported by experiment.
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2. Model, calculation and experiment
2.1. Model and optical properties

We investigate the effect of a trapezoid nanograting in a
top-illuminated SMOSC. The model is calculated by using the
two-dimensional (2D) finite-difference time-domain (FDTD)
method under the irradiations of transverse magnetic (TM) and
transverse electric (TE) polarized light, separately. In our sim-
ulation, the grid size is set to be 2 nm x2 nm and the perfectly
matched layer and the periodic boundary condition are used in
the z direction and the x direction, respectively. The schematic
diagram of the SMOSC is shown in Fig. 1. The silver (Ag)
with nanograting structure is adopted as a substrate. Biphasic
calcium phosphate (BCP) is introduced as an exciton block-
ing layer on the top of the cathode, and the fullerene (Cg)
and subphthalocyanine (Subpc) are used as an accepter and a
donor, respectively. A 20-nm-thick Ag anode is deposited on
the top of the Subpc layer and presents a semitransparent prop-
erty. The complex refractive indices of Subpc and BCP used
for simulation are measured by spectroscopic ellipsometer and
those of Cgg and Ag are cited from Refs. [24] and [25].
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Subpc:25 nm
C()'U:45 nm l,
BCP:10 nm
200 nm
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t

Fig. 1. (color online) Schematic diagram of the trapezoid grating top-
illuminated SMOSC.

We first investigate the optical absorption properties of
the proposed model. In order to characterize the absorption
efficiency of the SMOSC, we particularly calculate the absorp-
tion of the active layer instead of the whole device. Figure 2(a)
shows the values of the absorption coefficient & of Subpc and
Cgo, which is defined as a = 2k(@)®/c.?3! Here, k is the
extinction coefficient, @ is the angular frequency of the inci-
dence, and c is the velocity of light in free space. Two sepa-
rated intrinsic absorption regions corresponding to the donor
and accepter give a broadband absorption spectrum of active
layer, which, on the other hand, needs to be synthesized to
obtain a maximum enhancement. We set the duty ratios of
the grating to be 0.5 and 0.33 at the bottom and top side of
the trapezoid respectively, while the grating height and period
are considered to be optimized. Since the grating height is
a main parameter which influences the scattering effect, 26!
we first simulate the unpolarized optical absorption spectra
of organic layers with grating heights from 0 nm to 125 nm
(Fig. 2(b)), where the period is set to be 300 nm. The ab-
sorption spectrum is enhanced significantly from 350 nm to

620 nm, which are corresponding to the intrinsic absorptions
of Cgp and Subpc. The spectrum reaches a maximum value
when the grating height reaches 100 nm, moreover, a larger
grating height may reduce the optical absorption and electrical
properties of the device.l'”! To further understand the reason
for the enhancement, the TE and TM polarized optical absorp-
tion spectra are calculated.

As shown in Fig. 2(c), the TE polarized optical absorption
efficiency values of OSCs with a trapezoid nanograting struc-
ture are above 50% at wavelengths below 600 nm when the
grating period is around 300 nm, which is higher than those
of the planar OSCs with the same volume of active layer. The
main reason for the TE polarized light absorption enhance-
ment is the excitations of waveguide modes. By scattering the
incident light into the active layer, the grating structure ful-
fills the phase matching condition of waveguide modes and in-
creases the interaction of light with organic materials.!”! For
normal incidence, the diffraction angle of the grating structure
could be expressed as

NorgA cOs(W) = mA, €))

where 7 is the refractive index of active layer, A is the period
of the grating, y is the diffraction angle, m is the diffraction
order, and A is the free space wavelength. The phase matching
condition of the waveguide modes resonance is

2korgh —Q01— = 2Mm, (2)

where the korg = 2n0rgwsin(y) /A is the normal component of
the propagating wave vector, / is the thickness of the waveg-
uide layer, ¢; and @, are the polarization-depending phase
shifts introduced by total internal reflection at the top and bot-
tom surfaces of the waveguide respectively, and M is the mode
order of the waveguide. As indicated from Egs. (1) and (2), the
resonant wavelength is red-shifted with the increase of period.
To further elucidate the waveguide modes in organic layers,
the distributions of electric field are shown in Fig. 3. Due to
the fact that the refractive indices of Cg are higher than those
of Subpc at wavelengths below 550 nm, the electric field is
mainly localized in the Cgq layer at the resonant wavelength
(Fig. 3(a)). Moreover, when the wavelength of incident light is
smaller than the resonant wavelength, the electric field is hard
to couple into the waveguide layer (Fig. 3(b)). Consequently,
an absorption valley is present in the range smaller than the
resonance wavelength, and extends toward long wavelengths
with the increase of period (Fig. 2(c)). Since the phase shifts
¢ and ¢, of the waveguide modes in TM polarization are
larger than those in TE polarization,!?®! the valley in the TM
polarized absorption spectra appears at a shorter wavelength
(Fig. 2(d)).
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Fig. 2. (color online) (a) Absorption coefficient values of Cgp and Subpc. (b) Unpolarized optical absorption spectra of the samples
with different grating heights. (c) TE polarized absorption spectra of the samples with different grating periods. (d) Absorption spectra

of the samples with different grating periods for TM polarization.
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Fig. 3. (color online) Distributions of electric field at a wavelength of 400 nm with the period A = 250 nm (a) and at a wavelength of 420 nm
with the period A =450 nm (b), all under the irradiation of TE polarized light. The distributions of electric field at a wavelength of 455 nm
with the period A = 300 nm (c), and at a wavelength of 830 nm with the period A =450 nm (d), all under the irradiation of TM polarized light.

Not only can the waveguide modes be excited by the TM
polarized light and increase the TM polarized absorption, but
also the SPPs and LSP.?*! In the case of a small period (under

300 nm), the LSP is the main reason for TM polarized ab-

sorption enhancement.!”! The LSP resonance can be excited
directly by the incident light and the interaction of LSP at
each unit cell comes into effect as the period decreases. >3]

As the grating vector is perpendicular to the wave vector, the
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longitudinal LSP mode can be excited by the normal incident
light around A = 450 nm and performs a red-shift with the
increase of period. The electric field is localized at the place
close to the anode at the top of the trapezoid grating at the
longitudinal LSP resonance, which can increase the absorp-
tion of Subpc obviously (Fig. 3(c)). Due to the non-uniform
dimension of the trapezoid with a narrow top and wide bottom
in each unit cell, a broadband absorption enhancement corre-
sponding to the absorption of Subpc (at wavelength 500 nm
—600 nm) exhibits an absorption efficiency of above 60%,
which is twice higher than that of the planar device. This incre-
ment arises from the excitation of LSP modes with the energy
mostly localized on the bevel of the trapezoid, which could
signally increase the current density since the active layer of
the resonant region is thin for exciton diffusion.!!” As the
grating period increases, the SPPs come into effect at long
wavelengths,[”! with the electric field mostly confined at the
bottom of the grating (Fig. 3(d)). The absorption of the device
with period A = 450 nm exhibits an absorption enhancement
at A = 830 nm compared with that of the device of which the

period is smaller.

2.2. Current density—voltage characteristics of the pro-
posed device

To demonstrate the electrical performances of the pro-
posed thin-film SMOSCs devices, we calculate the current
density—voltage curves of the device under unpolarized AM
1.5G illumination. In our simulation, we assume that each
photon generates one electric—hole pair. As the band gap of
Cg is about 1.9 eV[**! and the intrinsic absorption region of
Subpc is from 450 nm to 650 nm, the photon with energy lower
than 1.9 eV is hard to excite the exciton and transforms into
heat ultimately. Thus, we particularly consider the absorption
spectrum between 350 nm and 700 nm. As shown in Fig. 4,
the short-circuit current density of the device with grating pe-
riod A = 300 nm increases to 7.37 mA/cm?, 31% higher than
that of the planar device (5.62 mA/cm?). The device with pe-
riod A = 450 nm shows a relatively low current density since
the waveguide modes cannot couple into the Cg layer in the
intrinsic absorption region.

In order to confirm the simulation results, we fabricate
devices each with an area of 2 mmXx2 mm on the grating sub-
strate. We firstly fabricate a one-dimensional (1D) nanograting
by using interference lithography. A laser beam at A =325 nm
is used to generate the interference pattern on a 100 nm-thick
photoresist layer, followed by developing. The substrate is
etched by inductively coupled plasma (ICP) etching technol-
ogy to form trapezoid gratings, and the scanning electron mi-
croscope (SEM) image of the grating structure is shown in
Fig. 5(a). Afterward Ag (100 nm)/Ca (1 nm)/BCP (10 nm)/Cgg

(45 nm)/Subpc (25 nm)/Ag (20 nm) are fabricated by a vac-
uum thermal evaporation process sequentially and the thick-
ness of each layer is monitored by a quartz crystal film thick-
ness monitor. The ultrathin Ca modified layer is deposited to
form an ohmic contact, which can reduce the contact resis-
tance without influencing the optical properties of the device.
In order to demonstrate the enhancement effect, the OSC de-
vice with a planar structure is also fabricated as a reference
sample. The current density—voltage characteristic curves of
the device are measured under 100 mW/cm? AM 1.5G illumi-
nation (Fig. 5(b)). By increasing the optical absorption (or
alternatively, the generation rate of excitons) of the device,
the short-circuit current density of the sample with the grat-
ing structure increases to 3.93 mA/cm?, 16.4% higher than
that of the planar device which is 3.38 mA/cm?. The power
conversion efficiency exhibits an enhancement of 7.7% (in-
creases from 1.51% to 1.63%). Meanwhile, the filling factor
(FF) of the grating sample (39.8%) shows a negligible decre-
ment compared with the planar one (41.4%), indicating an
acceptable processing compatibility of the trapezoid grating
SMOSC.
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Fig. 4. (color online) Simulated current density—voltage curves of the
system for different periods.

Compared with the experimental results, the simulated
current density is high because the photovoltaic properties of
organic materials and the mismatch of the work function of
different materials (i.e., the internal quantum efficiency and
the charge collection efficiency) are not taken into account in
our simulation. Moreover, the larger interface area of the grat-
ing sample increases the surface recombination hence leads
to a low charge collection efficiency compared with that of
the planar sample, which results in a decreased increment of
short-circuit current density (from 31% to 16.4%).117-271 The
FF of the device, the major difference between the simulation
(about 88%) and experiment (about 40%), is mainly caused by
the unavoidable leakage current and series resistance. The Ca

modified layer can reduce the series resistance and suppress
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the decrease of FF. Nevertheless, the reduction in the open-
circuit voltage of the grating sample (Fig. 5(b)) indicates that
the leakage current, which increases with the increase of inter-
face area and the decrease of shunt resistance, is the main rea-
son for the decrease of FF.[>”) It is noted that the understanding
of the physical mechanism could open up a new way to engi-
neer and optimize other structures by this method. Moreover,
a 2D grating structure can be processed to realize a further
improved light-trapping effect.

L —o— grating
—m— planar

Current density/mA-cm—2
|
N~
T

5l M
-02 0 02 04

1 1 1 1 1 1

06 08 10 1.2
Voltage/V

Fig. 5. (color online) (a) SEM cross-sectional view of the grating. The

grating height is 110 nm and the period is 300 nm. (b) Measured current
density-voltage curves for the device with a grating period of 300 nm.

3. Conclusions

In the present paper, we investigate the effect of trapezoid
grating on both TE and TM polarized optical absorptions of
a top-illuminated SMOSC. A significant enhancement caused
by waveguide and LSP modes below 600 nm is observed, and
the SPPs are excited around 800 nm. We improve the in-
trinsic absorption of the active layer by adjusting the grating

period and grating height. The simulated and experimental

short-circuit current densities of the device with the grating
structure are increased by 31% and 16.4% compared with the
short-circuit current density of the planar device, respectively.
The use of the trapezoid grating in top-illuminated SMOSCs
improves the power conversion efficiency by 7.7% in exper-
iment. The proposed design, simulation and fabrication can
potentially be extended to different types of low-cost ultra-thin
OSCs.
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