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a b s t r a c t

Recently optical Tamm states at metal/photonic crystals interface have been applied in 
thin-film organic solar cells (OSCs) as a new light trapping scheme for photon absorption 
enhancement. In this work, we theoreticall y investigat e this scheme thoroughly to opti- 
mize the absorption performance for such optical Tamm states based OSCs (OTS–OSCs).
We find that the overall absorptivity of the OTS–OSCs can be improved by using photonic 
crystals bilayers with a higher refractive index contrast, which is a result of the more 
strongly enhanced field intensity in the active layers. The conventional Fabry–Pérot cavity 
modes based OSCs (FP–OSCs) are also studied for comp arison, whose absorption perfor- 
mance is found to be strongly dependent on the refractive index of the additional dielectric 
layer. These two schemes based OSCs exhibit comparable absorption performance in 
aspects of absorption enhancement, field distributions, and angle effect in the planar case. 
However, the proposed OTS–OSCs exhib it �10% higher overall absorptivity than that for 
the FP–OSCs in the corrugated case, if both OSCs exhibit the same overall absorptivity in 
the planar case. The reduced absorption in the corr ugated FP–OSCs is a result of the strong 
scatterings induced losses in the metal, which can be avoided by the photonic crystals 
bilayers in the OTS–OSCs. Therefore, the proposed Tamm states based scheme shows a
higher value in corrugated OSCs. 

� 2013 Elsevier B.V. All rights reserved. 

1. Introduction 

Organic solar cells (OSCs) are a promising approach for 
high-perform ance photovoltaics with low-cost, light- 
weight, and mechanical flexibility [1–3]. The most widely 
studied OSCs are conjugated polymer-ba sed OSCs [4,5]
and small molecules-bas ed OSCs [6,7]. In small molecules- 
based OSCs, the active layers are required to be much thin- 
ner than 100 nm in view of the short diffusion length of exi- 

tons [8]. However, the incident photons could not be 
absorbed efficiently with such thin active layers. To over- 
come this obstacle, advanced light trapping schemes have 
been proposed . A well-known scheme is based on the 
Fabry–Pérot (FP) cavity modes oscillatin g between two me- 
tal reflectors. The optical absorption can be considerably en- 
hanced if the FP resonant wavelength range matches well 
with the high-abs orption range of the active layer [9]. An- 
other scheme based on surface plasmon polaritons (SPPs)
has also been investigated extensively [9–11]. Enhanced 
photon absorption can be achieved via the excitations of 
propagating SPPs and localized SPPs through the introduc- 
tions of metallic gratings [6] and metallic nanoparticl es 
[12] into the OSCs, respectively. In addition to the effect of 
diffractions, the metallic gratings and nanoparticles still ex- 
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hibit an effect of strong scatterings [9]. Therefore, the SPPs 
based scheme is more effective for light trappings although 
at the cost of a requirement for manufactur ing complicated 
micro-nano structures [13].

Recently, optical Tamm states at metal/photonic crys- 
tals interface [14] have been applied to OSCs as a new light 
trapping scheme [15]. Such Tamm states are surface waves 
at metal/ph otonic crystals interface with local maximum 
field intensity at the surface. The field intensity of Tamm 
states decays into the photonic crystals due to the Bragg 
forbidden effect [14]. It has been shown in our previous 
work that the optical Tamm states scheme based OSCs 
(OTS–OSCs) exhibit considerable absorption enhancement 
for dual-pola rized incidence as a result of the excitation 
of broadband Tamm states [15]. However, this new scheme 
has not been investigated thoroughly, and more details are 
needed to be studied to further improve the absorption 
performanc e in the OTS–OSCs. Moreover, a comparison be- 
tween the new Tamm states based scheme and the con- 
ventional FP cavity modes based scheme is needed to 
evaluate their respective characteri stics for light trappings, 
as they exhibit similar characterist ics such as the absorp- 
tion enhancement for dual-pola rizations. Such comparison 
will be valuable for the practical choice of the light trap- 
ping scheme in experimental designs. 

In this work, we investiga te the OTS–OSCs to optimize 
the absorption performanc e. We find that a larger absorp- 
tion enhancement can be achieved in an OTS–OSC with 
photonic crystals bilayers exhibiting a higher refractive in- 
dex contrast. This is a result of the more strongly enhanced 
field intensity in the active layers. For comparis on, the con- 
ventional FP cavity modes based OSCs (FP–OSCs) are also 
studied, whose absorption performanc e is found to be 
strongly dependent on the refractive index of the addi- 
tional dielectric layer. We compare these two schemes 
based OSCs in planar and corrugated case, respectively . In 
the planar case, both OSCs exhibit comparable absorption 
performanc e in aspects of absorption enhancement, field
distribution s, and angle effect. In the corrugated case, the 
proposed OTS–OSCs exhibit �10% higher overall absorptiv- 
ity than that for the FP–OSCs, if both OSCs exhibit the same 
overall absorptivity in the planar case. The reduced absorp- 
tion in the corrugated FP–OSCs is a result of the strong 
scatterings induced losses in the metal, which can be 
avoided by the photonic crystals bilayers in the OTS–OSCs.
Therefore, the proposed Tamm states based scheme shows 
a higher value than the conventional FP cavity modes 
based scheme in corrugated OSCs. 

2. Devices and simulation details 

A schematic of the studied OSCs is shown in Fig. 1. Fig. 1a
illustrates a reference OSC (R–OSC). This copper phthalocy- 
anine–perylene tetracarbox ylic bisbenzimid azole (CuPc–
PTCBI) based thin-film OSC has been used as a model to 
investigate the SPPs based scheme for photon absorption 
enhancement in some previous literatures [10,11]. An opa- 
que Ag film and a transparent poly(3,4-ethylenedioxythio -
phene) (PEDOT) layer are used as electrodes. In this study, 
the structure paramete rs are chosen the same as those in 

the aforementi oned literatures . Fig. 1b shows our designed 
OTS–OSC with photonic crystals stacked outside the organic 
layers. The refractive index and thickness of the alternating 
layers are denoted by n1, n2, d1, and d2, respectively , while 
the number of photonic crystals bilayers is given by nPC.
To compare with the OTS–OSC, the FP–OSC is also studied 
in this work. The structure is shown in Fig. 1c, where a
thin-film Ag with thickness d4 is used as a reflector to sup- 
port the FP cavity modes. As the total thickness of the organ- 
ic layers is too thin (�47 nm), a dielectric layer (n3, d3)
should be added for the formation of FP cavity modes within 
the high-absorption wavelength range of the active layers 
(600 nm � 700 nm) [10].

We apply in-house generated finite-difference time-do- 
main (FDTD) codes [15–17] to calculate the absorptivity 
spectra in the active layers (CuPc and PTCBI) for the three 
types of OSCs. In the calculations , the refractive index and 
extinction coefficients of the organic layers are extracted 
from experimental measurements [6]. The Drude model is 
applied to deal with Ag in the FDTD simulations [16]. As 
the refractive index of CuPc and PTCBI are too complex that 
cannot be fitted into a Drude model, we need to deal with 
only one waveleng th in one FDTD simulation. Although it 
will take much more rounds of simulations, the refractive 
index for the active layers and Ag can be as accurate as the 
experimental results providing different paramete rs of the 
Drude model are fitted and used for different wavelengths .
More specifically, the Drude model for Ag can be written 
as eAg ¼ 1 �x2

p=ðx2 þ ixcÞ, where eAg is the permittivity 
for Ag, x, xp, and c are the frequency, plasma frequenc y, 
and plasma collision rate, respectively . The permittivity 
for Ag is shown in Fig. 1d, which is extracted from the RSoft 
package. For each frequency, a direct solution of the above 
Drude model is as follows: c ¼ ImðeAgÞx=½1 � ReðeAgÞ�,
x2

p ¼ ImðeAgÞðx3 þxc2Þ=c, where Re(eAg) and Im(eAg) cor- 
respond to the real and imaginary parts of the permittivity 
for Ag, respectivel y. The calculated parameters of the Drude 
model for each wavelength are shown in Fig. 1e, through 
which the accuracy of the FDTD simulatio ns can be 
guaranteed.

The TM (TE) total absorptivity ATM (ATE) and overall 
absorptivity ATotal, which are calculated by 

ATMðTEÞ ¼
R 900 nm 

400 nm 
aTMðTEÞðkÞSðkÞdkR 900 nm 

400 nm 
SðkÞdk

and ATotal ¼ ATMþATE
2 , are applied 

as criteria for the absorption performance of the OSCs 
[10,15]. In these equations, aTM(k) and aTE(k) are the 
absorptivity spectra in the active layers for TM- and TE- 
polarized incidence, respectively , and S(k) is the solar irra- 
diance spectrum under AM1.5 illumination [10]. In Fig. 1, a
indicates the incident angle of the plane wave. 

3. Results and discussion 

The materials in this section are organized as follows. 
We first investigate the absorption performanc e of the pla- 
nar OTS–OSCs and FP–OSCs in Sections 3.1 and 3.2, respec- 
tively. Then we give a comparison of these two planar 
devices in Section 3.3. Finally, we study the two OSCs inte- 
grated with wavelength- scale periodic gratings to reveal 
the superiorities of the proposed OTS–OSCs in Section 3.4.
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3.1. Absorption performance of planar OTS–OSCs

In this sub-section , we study the absorption perfor- 
mance of the planar OTS–OSCs shown in Fig. 1b. We will 
show that the overall absorptivi ty of the OTS–OSCs
strongly depends on the number and refractive index con- 
trast of the photonic crystals bilayers. 

We first investiga te the OTS–OSCs with different num- 
bers of photonic crystals bilayers nPC. The photonic crystals 
parameters are chosen as n1 = 1.5, n2 = 2.2, d1 = 130 nm, and 
d2 = 82 nm, respectively. Such refractive index can be 
achieved by introducing alternating layers of antimony- 
doped tin oxide (ATO) and tin-doped indium oxide (ITO)
[18]. Once the refractive index of the photonic crystals 
bilayers are determined , such combinations of d1 and d2

are chosen that the Tamm states wavelength range opti- 
mally overlaps with the high-abs orption range of the active 
layers [15]. More specifically, we have scanned different 
combinations of d1 and d2 until a maximum ATotal was ob- 
tained, while n1 = 1.5, n2 = 2.2, and nPC = 1 were fixed. The 
absorptivity spectra in the active layers with nPC = 1 (red
dashed line), nPC = 2 (blue dotted line), and nPC = 3 (green
dash-dotted line) are shown in Fig. 2a for TE-polarized nor- 
mal incidence (a = 0�). The result for the R–OSC is also given 
for comparison by the black solid line, where two intrinsic 
absorption peaks of CuPc located at 615 nm and 685 nm 
can be seen. Compare d with the R–OSC, considerable 

absorption enhancem ent can be achieved in the OTS–OSCs
via the excitation of Tamm states. The more photonic crys- 
tals bilayers are introduce d, the stronger but narrower en- 
hanced absorption peaks appear. 

We focus on the OTS–OSC with nPC = 3. The electric field
(Ez) intensity |Ez| profiles are shown in Fig. 2b. In the calcu- 
lations, normal plane waves with unity electric amplitude 
intensity are used as the incidence. Therefore, the electric 
field intensity also indicates the field enhancement in com- 
parison with the incidence. From the black dashed circle 
region, the excitatio n of a narrow band Tamm states 
around the waveleng th of 685 nm is confirmed, with the 
fields exhibiting those oscillating–damping profiles into 
the photonic crystals [14]. The excitation of such Tamm 
states can induce a field enhancement in the active layers 
associated with an enhancement in the overall absorptiv- 
ity. However, the bandwidth of the enhanced absorption 
peak is relatively narrow, whereas broadband absorption 
enhancement is always required in OSCs. We will show be- 
low that this can be achieved via using less photonic crys- 
tals bilayers. 

The electric field intensity |Ez| profiles for nPC = 1 are 
shown in Fig. 2c. Compared with the field profiles for 
nPC = 3 in Fig. 2b, a broader but weaker field enhancement 
can be observed . In order to judge which one is better for 
OSCs, the overall absorptivi ty ATotal is calculated as shown 
by the inset of Fig. 2a. The OTS–OSCs exhibit the overall 

Fig. 1. Schematics of the (a) reference OSC (R–OSC), (b) Tamm states based OSC (OTS–OSC) and (c) FP cavity modes based OSC (FP–OSC). In the OTS–OSC,
photonic crystals bilayers are stacked outside the organic layers for the excitation of Tamm states. In the FP–OSC, an additional dielectric and an added thin 
Ag layer are needed to support the FP cavity modes. In all these three figures, a indicates the incident angle of the plane wave. (d) The permittivity of Ag 
extracted from the RSoft package. (e) The fitted plasma frequency and plasma collision rate for the Drude model of Ag. 
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absorptivity of 0.202, 0.194, and 0.171 for cases of nPC = 1, 2, 
and 3, which is 29%, 24%, and 10% higher than that of the R–
OSC (�0.156), respectivel y. Therefore, less photonic crystals 
bilayers are preferred in OTS–OSCs, which is a result of the 
requiremen t for broadband absorption enhancement in 
OSCs. Although one bilayer cannot be called as photonic 
crystals, the reflection property from such one bilayer in 
the forbidden band can still be compara ble to that from a
�10 nm-thick Ag layer. We will show in Section 3.2 that 
the best performanc e of the FP–OSC can be achieved with 
an added Ag layer of �10 nm in thickness. It is familiar to 
us that the mode between an opaque Ag layer and a
�10 nm-thick Ag layer can be called as a FP cavity mode. 
In analogy with the FP cavity modes, we therefore decide 
to call the states between an opaque Ag layer and one pho- 
tonic crystal bilayer as optical Tamm states as well. These 
optical Tamm states and FP cavity modes are weakly 
bounded but broadband, which benefit the OSCs due to 
the requiremen t of broadband absorption. 

We then consider the effect of the refractive index of 
the photonic crystals bilayers on the absorptivity enhance- 
ment. In this work, the absorptivity enhancem ent is 
defined as a ratio of the overall absorptivity for the OTS–
OSC (or FP–OSC) to that for the R–OSC. It is calculated as 
a function of n2 as shown by the black-cir cle line in 

Fig. 3a, where n1 = 1.5 and nPC = 1 are kept unchanged .
We observe that the absorptivity enhancem ent becomes 
larger with the increase in n2. It should be noted that the 
choices of d1 and d2 depend on the refractive index of the 
photonic crystals bilayers. It can be found in Fig. 3a that 
a decreasing combination of d1 (red-square line) and d2

(red-triangle line) should be chosen with the increase of 
n2 in order to obtain a maximum value of ATotal. This 
adjustment of the layer thicknesses comes from the fact 
that the Tamm states wavelength range should always 
have maximum overlap with the high-absorpti on range 
of the active layers. 

Fig. 3b shows the absorptivi ty enhancement as a func- 
tion of n2 while n1 = 1.3 and nPC = 1 are chosen (black-square 
line). We observe that such OTS–OSCs exhibit a larger 
absorptivity enhancement than that in the devices with 
n1 = 1.5 and nPC = 1 (black-circle line). Therefore, we state 
that a larger absorptivi ty enhancement can be achieved in 
an OTS–OSC with photonic crystals bilayers exhibiting a
higher refractive index contrast. In the inset of Fig. 3b, the 
absorptivity spectra in the active layers for two OTS–OSCs,
one with n1 = 1.5 and n2 = 2.2 (red-dashed line), and the 
other with n1 = 1.3 and n2 = 3.4 (blue-dotted line), are 
shown for comparis on. It is noted that the device with a
higher refractive index contrast exhibits a better absorption 

Fig. 2. (a) Absorptivity spectra in the active layers for the R–OSC (black solid line) and OTS–OSCs with nPC = 1 (red dashed line), 2 (blue dotted line), and 3
(green dash-dotted line), respectively. The photonic crystals parameters of the OTS–OSCs are chosen as n1 = 1.5, n2 = 2.2, d1 = 130 nm, and d2 = 82 nm. The 
inset shows the overall absorptivity for these OSCs. (b–c) Electric field intensity |Ez| profiles for the OTS–OSCs with (b) nPC = 3 and (c) nPC = 1. The photonic 
crystals parameters are chosen the same as those in (a). (d) Electric field intensity |Ez| profiles for the OTS–OSC with nPC = 1. The photonic crystals 
parameters are chosen as n1 = 1.3, n2 = 3.4, d1 = 144 nm, and d2 = 72 nm. For comparison, the color bars are chosen the same for (c) and (d). In all these 
figures, we study the planar OSCs with normal TE-polarized incidence (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.).
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performanc e. Here we give an explanation for this phenom- 
enon from the field point of view. Fig. 2d shows the electric 
field intensity |Ez| profiles for the OTS–OSC with n1 = 1.3 and 
n2 = 3.4, where the color bar is set the same as that in Fig. 2c.
Compared with the field profiles in Fig. 2c (n1 = 1.5 and 
n2 = 2.2), a larger field enhancem ent can be observed in 
the active layers. Such enhanced field intensity can induce 
a larger overall absorptivity. Therefore, it can be concluded 
that a larger overall absorptivity can be obtained in the 
OTS–OSC with the photonic crystal bilayers exhibiting a
higher refractive index contrast. The overall absorptivity 
for the OTS–OSC shown in Fig. 2d is as high as 0.232, which 
is �49% higher than that for the R–OSC. Such excellent 
absorption performance in the case of normal incidence ap- 
proaches the one (�50% enhancement) achieved via intro- 
ducing metallic gratings for the excitation of SPPs [10].
This indicates the superiority of the proposed easily-manu- 
factured OTS–OSCs, in which the absorption can be en- 
hanced for both polarized incidence, whereas the 
absorption can be enhanced for only the TM-polarized inci- 
dence in those SPPs based OSCs [10,11].

3.2. Absorption performance of planar FP–OSCs

In this sub-section, we study the absorption performanc e
of the FP–OSCs. We will show that the overall absorptivity of 
the FP–OSCs strongly depends on the refractive index of the 
additional dielectric layer. 

We investigate the FP–OSCs with different refractive in- 
dex of the additional dielectric layer. With a given n3, the 
thicknesses of the additional dielectric layer d3 and the 
added Ag layer d4 have been scanned to find a maximum 
ATotal. We focus on the first-order FP cavity modes in this 
work. Fig. 4a shows the normal incidence TE-polari zed 
absorptivity spectra in the active layers for the FP–OSCs
with n3 = 2.2, 1.3, and 1, respectivel y. The correspond ing 
choices of d3 and d4 can be found in the figure. We observe 
that considerable absorption enhancement can be achieved 
for the FP–OSCs in comparison with that for the R–OSC due 
to the excitations of FP cavity modes. 

The absorptivity enhancement as a function of n3 for
these FP–OSCs is shown in Fig. 4b by the black-cir cle line. 
The correspondi ng choices of d3 and d4 are also indicated 
by the red-square line and red-trian gle line, respectively. 
It is obvious that a thinner additional dielectric layer is 
needed if its refractive index is higher. Meanwhile, the 
requiremen t for d4 is slightly different. Interestingl y, we ob- 
serve that the FP–OSC with a lower n3 exhibits a larger 
absorptivity enhancement. This can also be explained from 
the field point of view. In Fig. 4c and d, we show the electric 
field intensity |Ez| profiles for cases of n3 = 2.2 and 1.3, 
respectively , where the color bars are set the same. We find
that the FP–OSC with a lower n3 exhibits a larger field
enhancement in the active layers. Therefore, such device 
has a larger absorptivity enhancement. The overall absorp- 
tivity for this FP–OSC is �0.227, which is 46% higher than 
that for the R–OSC. This excellent absorption performanc e
in the case of normal incidence also approach es that in the 
SPPs based OSCs [10].

3.3. Comparison between planar OTS–OSCs and FP–OSCs

We have investiga ted the absorption enhancement in 
planar OSCs via the excitations of Tamm states and FP cavity 
modes in the previous two sub-section s. In this sub-section ,
we give a comparis on between these two schemes. 

We first discuss their differentia, which mainly lies in 
the structure configurations and intrinsic physics. In 
OTS–OSCs, less photonic crystals bilayers with higher 
refractive index contrast are required to achieve broad- 
band Tamm states in the devices. In FP–OSCs, an additional 
dielectric layer with lower refractive index and a thin me- 
tal reflector are needed to realize a stronger FP resonance 
in the devices. Physically, the Tamm states can be consid- 
ered as resonant modes without cavities, such as those at 
metal/ photonic crystals interfaces [14]. It should be noted 
that although some organic layers exist between the Ag 
layer and the photonic crystals in the OTS–OSCs (Fig. 1b),
their total thicknesses are only �47 nm, which are not 
thick enough to support a first-order cavity mode in the 
wavelength range around 685 nm (the peak wavelength 
for nPC = 3 in Fig. 2a). Therefore, the Tamm states in these 
thin-film OTS–OSCs can be considered as the zero-order 

Fig. 3. (a) Absorptivity enhancement (black-circle line) for the OTS–OSCs
as a function of n2 associated with the corresponding choice of d1 (red-
square line) and d2 (red-triangle line), where n1 is fixed as 1.5. (b)
Absorptivity enhancement as a function of n2 for the OTS–OSCs with 
n1 = 1.5 (black-circle line) and n1 = 1.3 (black-square line). The inset 
shows a comparison on the absorptivity spectra between two OTS–OSCs
marked by the dashed circles. The structure parameters are also indicated 
in the inset. In all these figures, we study the planar OSCs with nPC = 1 (For
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.).
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cavity modes, whereas the FP cavity modes excited in the 
FP–OSCs are the first-order cavity modes. 

Then we discuss the similarities of the two types of OSCs. 
Both the Tamm states and the FP cavity modes can be ex- 
cited in planar devices, whereas the SPPs need to be excited 
with the assistance of metallic gratings or metallic nanopar- 
ticles. Moreove r, both the OTS–OSCs and the FP–OSCs exhi- 
bit absorption enhancement for dual-pola rized incidence, 
whereas the SPPs based OSCs exhibit absorption enhance- 
ment for only the TM-polarized incidence . These superiori- 
ties bring about those aforementi oned planar OTS–OSCs
and FP–OSCs with excellent absorption performance in the 
case of normal incidence which can be comparable to that 
of the SPPs based OSCs. Besides, the OTS–OSCs and FP–OSCs
exhibit comparable enhanced absorptivity spectra (see the 
inset of Figs. 3b and 4a) and electric field intensity profiles
(see Figs. 2c–d and 4c–d). The photonic crystals in the 
OTS–OSCs and the added Ag layer in the FP–OSCs are both 
used as reflectors. In considerati on of broadband modes, 
less photonic crystals bilayers (nPC = 1) and thinner added 
Ag layers (around 10 nm) should be chosen. 

More similarities can be found by investigating the ef- 
fect of the incident angle a on the absorption performanc e
of the OSCs. The results are shown in Fig. 5a–c for the R–
OSC, OTS–OSC, and FP–OSC, respectively. The structure 

parameters are shown in each figure. We observe that 
the overall absorptivity for the OTS–OSC and FP–OSC de- 
creases dramatically with the increase in a. This is a result 
of the mismatching between the wavelength range of the 
cavity modes and the high-abs orption range of the active 
layers. On the contrary, the deteriorati on of the overall 
absorptivity is not severe with increasing a for the R–OSC
as no modes are supported in this device. Moreover, such 
dramatic decrease of the overall absorptivity is not ob- 
served in SPPs based OSCs [10]. This is due to the fact that 
the bandwidth of the SPPs modes is much broader than 
that of the cavity modes, and the SPPs can be excited for 
a wide range of angles of incidence. 

3.4. Comparis on between corrugate d OTS–OSCs and FP–OSCs

We have concluded that the proposed planar OTS–OSCs
exhibit compara ble absorption performanc e to that of the 
conventional planar FP–OSCs. In this sub-section , we will 
show that corrugated OTS–OSCs exhibit a better absorp- 
tion performance than that of corrugated FP–OSCs.

We have shown in our previous work [19] that FP cavity 
modes and SPPs can be cross-coup led to improve the per- 
formance of organic light-emi tting devices. Applying the 
same idea here, we investigate corrugated OTS–OSCs and 

Fig. 4. (a) Absorptivity spectra in the active layers for the R–OSC (black solid line) and FP–OSCs with n3 = 2.2 (red dashed line), 1.3 (blue dotted line), and 1
(green dash-dotted line), respectively. (b) Absorptivity enhancement (black-circle line) for the FP–OSCs as a function of n3 associated with the 
corresponding choice of d3 (red-square line) and d4 (red-triangle line). (c–d) Electric field intensity |Ez| profiles for the FP–OSCs with (c) n3 = 2.2 and (d)
n3 = 1.3. For comparison, the color bars are chosen the same for (c) and (d). In all these figures, we study the planar OSCs with normal TE-polarized incidence 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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FP–OSCs integrated with one-dimensional 40 nm-height 
gratings to further improve the absorption performance. 
The profiles of such corrugated devices are illustrated in 
Fig. 6e and f. We consider an OTS–OSC with parameters 
of nPC = 1, n1 = 1.5, n2 = 2.2, d1 = 130 nm, and d2 = 82 nm. 
For comparison, a FP–OSC with parameters of n3 = 1.9, 
d3 = 64 nm, and d4 = 10 nm is also studied. As previously, 
the parameters of these two OSCs are optimized , and they 
exhibit the same overall absorptivity in the planar case. 
This can be confirmed from Fig. 6a and b for TM and TE 
polarization, respectively , where the black solid line, red 
dashed line, and blue dotted line show the absorptivity 
spectra for the planar R–OSC, OTS–OSC, and FP–OSC,
respectively . In this sub-section, we only consider the cases 
of normal incidence. 

Then we study these OSCs with 300 nm-perio d gratings. 
The aforementione d optimal structure parameters are also 
valid in the corrugated case, as the grating height (�40 nm)
is much smaller than the period, which means the intro- 
ducing of gratings may not affect the cavity modes too 
much [19]. Simulate d absorptivi ty spectra for these corru- 
gated OSCs are shown by the symbol-lines in Fig. 6a and b
for TM and TE polarization, respectively. For TM polariza- 
tion, SPPs peaks at �540 nm (black dashed circle) for the 
three corrugated OSCs can be observed associated with 
broadband absorption enhancem ent compared with the 
planar ones. The magnetic field (Hz) intensity |Hz| profiles
for the corrugated OTS–OSC are shown in Fig. 6e. We find
that propagating SPPs at the Ag/organic layers interface 
are excited associated with enhanced field intensity in 
the active layers. 

Distinctions turn up at a longer waveleng th range 
around 685 nm (black dotted circle) in Fig. 6a. The magnetic 
field intensity |Hz| profiles at this waveleng th for the corru- 
gated OTS–OSC are shown in Fig. 6f. We observe that both 
strong scatterings at the metal electrode and Tamm states 
exist associated with enhanced absorption in the active lay- 
ers. However, the absorptivity at this wavelength range 
(�685 nm) for the corrugated FP–OSC is much lower, which 
is nearly the same as that for the corrugated R–OSC. To ex- 

plain this distinctio n, we calculate the distribution s of all 
loss channels in the corrugated OTS–OSC and FP–OSC for 
TM polarization. The results are shown in Fig. 6c and d, 
where the red, yellow, and orange regions represent the 
absorption in the active layers, the losses in the Ag elec- 
trode, and the losses in the added Ag layer, respectively .
We observe that more losses are dissipated in Ag for the cor- 
rugated FP–OSC, which is a result of the strong scatterin gs 
induced absorption in the added 10 nm-thick Ag. Such scat- 
terings induced losses would limit the absorption in the ac- 
tive layers for the corrugated FP–OSC. On the contrary, the 
scatterings of the photonic crystals are not so strong and 
no losses would be dissipated in the photonic crystals for 
the corrugated OTS–OSC. Therefore, the corrugated OTS–
OSC exhibits a larger TM total absorptivity than that of the 
FP–OSC.

For TE polarization shown in Fig. 6b, we find that the 
absorption performanc e for the corrugated devices is 
nearly the same as that for the planar ones, as SPPs could 
not be excited. In consideration of both polarizations , we 
conclude that the corrugated OTS–OSC exhibits a �10%
higher overall absorptivity than that of the FP–OSC,
although both OSCs exhibit the same overall absorptivity 
in the planar case. 

Finally, we show the calculated ATM, ATE, and ATotal for the 
three types of corrugated OSCs with various grating periods 
in Fig. 7. The black-, red-, and blue-symbol lines represent 
the results for the R–OSCs, OTS–OSCs, and FP–OSCs, respec- 
tively. The square-, triangle-, and circle-lines show the re- 
sults for ATM, ATE, and ATotal, respectively. On one hand, the 
TM total absorptivity for the corrugated OTS–OSCs is larger 
than that for the corrugated FP–OSCs in each choice of per- 
iod. The strong scatterings induced losses in the added Ag 
layer are the main reason for the reduced absorption in 
the FP–OSCs. On the other hand, the TE total absorptivi ty 
for the corrugated OTS–OSCs is comparable to that for the 
corrugated FP–OSCs, except the one with the period of 
350 nm. This exception is due to the excitation of unex- 
pected waveguide modes in the OTS–OSC [15], which 
should be avoided by choosing other appropriate grating 

Fig. 5. TM total absorptivity (black line), TE total absorptivity (red line) and overall absorptivity (blue line) as a function of the incident angle a for the 
planar (a) R–OSC, (b) OTS–OSC, and (c) FP–OSC, respectively. The detailed structure parameters are indicated in each figure (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.).
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periods. In consideration of both polarizations , the OTS–
OSCs show superiorities for a larger overall absorptivi ty 
than the FP–OSCs in each choice of period. This indicates 
that the Tamm states based scheme is more appropriate d
for applicati ons in corrugated OSCs. More specifically, the 
overall absorptivi ty of the corrugated OTS–OSC with a peri- 
od of 300 nm is as high as 0.274, which is 78% and 10% high- 
er than that of the planar R–OSC and the corrugated FP–OSC

with the same grating period. Such excellent absorption 
performanc e in the case of normal incidence exceeds the 
one (�67% enhancement) achieved by using volumetr ic 
plasmonic resonator architectures [11] due to the excita- 
tions of both Tamm states and SPPs. The absorption perfor- 
mance of this corrugated OTS–OSC may be further improved 
by using photonic crystals bilayers with a higher refractive 
index contrast. 

Fig. 6. (a and b) Absorptivity spectra in the active layers for planar R–OSC (black solid line), OTS–OSC (red dashed line), FP–OSC (blue dotted line), and 
corrugated R–OSC (black-circle line), OTS–OSC (red-square line), FP–OSC (blue-triangle line) with a period of 300 nm for normal (a) TM- and (b) TE- 
polarized incidence, respectively. (c and d) Distribution of all loss channels for the corrugated (c) OTS–OSC and (d) FP–OSC with a period of 300 nm for 
normal TM-polarized incidence. The red, yellow, and orange regions represent the absorption in the active layers, the losses in the Ag electrode, and the 
losses in the added Ag layer, respectively. (e and f) TM-polarized magnetic field intensity |Hz| profiles for the corrugated OTS–OSCs with wavelengths of (e)
540 nm and (f) 685 nm, respectively. In all these figures, the structure parameters for the OTS–OSCs and FP–OSCs are chosen as nPC = 1, n1 = 1.5, n2 = 2.2, 
d1 = 130 nm, d2 = 82 nm, n3 = 1.9, d3 = 64 nm, and d4 = 10 nm (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.).
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4. Conclusions 

In summary , we have compared the light trapping 
schemes based on Tamm states and Fabry–Pérot cavity 
modes in planar and corrugated organic solar cells, respec- 
tively. In optical Tamm states based organic solar cells, a
better absorption performanc e can be achieved by using 
photonic crystals bilayers with a higher refractive index 
contrast, which is a result of the more strongly enhanced 
field intensity in the active layers. In Fabry–Pérot modes 
based organic solar cells, a larger overall absorptivity can 
be obtained by using an additional dielectric layer with a
lower refractive index. These two schemes based organic 
solar cells exhibit comparable absorption performanc e in 
aspects of absorption enhancem ent, field distributions, 
and angle effect in the planar case. However, the proposed 
optical Tamm states based organic solar cells show a better 
absorption performanc e than that for the Fabry–Pérot
modes based organic solar cells in the corrugated case. 
The reduced absorption in the corrugated latter ones is a re- 
sult of the strong scatterings induced losses in the metal, 
which can be avoided by the photonic crystals bilayers. 
Therefore, the proposed Tamm states based scheme shows 
a higher value in corrugated organic solar cells. 
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