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To improve the performance of organic photovoltaics (OPVs), it is useful to trap 
light by using the antireflection nanotexture such as moth eye structure. The 
finite-difference time-domain (FDTD) method is frequently used to analyze the optical 
properties of nanotexture. However, in the case that FDTD is applied to OPVs, the 
existence of a glass substrate generates a strong oscillation in optical response, which 
does not exist in the actual device. To remove such oscillatory components and 
accurately simulate optical response, we study an FDTD-based computational algorithm, 
which we call the envelope method. We compare this method with other possible 
methods, and demonstrate that the envelope algorithm is more accurate for estimating 
optical response and more robust against parameter variations than the other ones. We 
also apply this method to analyze the changes in the OPV performance associated with 
the changes in the properties of moth eye coating. 
Keywords: organic solar cells, antireflection, optical simulation, FDTD 

1. Introduction
Organic photovoltaics (OPVs) have been

attracting high attention, because of their 
potential for cost-effective, large-area, and 
flexible solar cells in the next generation [1, 
2]. The performance of OPVs has been 
significantly increasing in the last decade [3], 
although further increase in the power 
conversion efficacy will be necessary for 
large-scale application. Since the OPV device 
contains a stack of several thin layers, a 
certain portion of light energy is always lost 
by the reflection at the interfaces between 
adjacent layers and the absorption in the 
layers different from the active layer [4]. To 
decrease these optical losses, it is needed to 
adequately design antireflection (AR) coating 
that serves to trap light into the device. 

Recently, many studies on the AR structure 
(ARS) have investigated moth eye texture, 
which is a two-dimensional regular array of 
cones having a period and height of several 
hundred nanometers [4-7]. The reflection 
from the moth eye surface is reduced because 
the effective refractive index continuously 
changes along the axis of cones. The 
fabrication of large-area moth eye texture can 
be achieved cost-effectively by the 
nanopatterning techniques such as 
nanoimprint lithography [8]. 

The AR effect of moth eye coating can be 
analyzed by the optical simulations using the 
finite-difference time-domain (FDTD) method 
[9]. In FDTD, both space and time are divided 
into discrete points, and the spatiotemporal 
distribution of electromagnetic field is 
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calculated through numerical integration. 
Since the FDTD method has a high modeling 
capability and can readily treat arbitrary 
nanotexture pattern, this method has a wide 
range of applications [7,9,10]. However, 
when the FDTD method is applied to OPVs, 
the large thickness of glass substrate, in the 
front side of the device, causes strong 
oscillatory response which does not occur in 
actual devices [11].  

Therefore, in our previous work, we 
proposed an FDTD-based computational 
algorithm by which the optical response of 
the light passing through a glass substrate is 
efficiently obtained from FDTD simulations 
[12]. We used this method for analyzing the 
AR performance of moth eye coating for 
OPVs and, additionally, for finding the 
optimized geometric parameters of moth eye 
texture.  

The present study extends our previous 
study with new results. We closely analyze 
our previously proposed algorithm, and 
compare it with the other possible algorithms. 
We show that our method is not only more 
precise in estimating the optical response of 
OPVs but also more robust against parameter 
variations, as compared to the other methods. 
The relevance of the algorithms is checked by 
comparing the obtained results with the 
results expected from the characteristic 
matrix-based analysis [13]. The results in this 
study suggest that the proposed method is 
helpful to extend our ability to analyze and 
design the ARS for OPVs. 

2. Experimental
2.1. Model structure 

We performed the optical analysis of OPVs 
by using the model in Fig. 1. The OPV cell is 
deposited on a glass substrate, and the light 
passes through the substrate to enter the cell. 
The device contains a 100-nm-thick film of 
poly(3-hexylthiophene) (P3HT) and 
[6,6]-phenyl-C61-butyric acid methyl ester 
(PCBM) blend and a 7-nm MoO3 film, which 
are used as the active and hole transporting 
layers, respectively. These films are 
sandwiched between the two electrodes 
formed by a 100-nm indium-doped tin oxide 
(ITO) layer and a 100-nm Al layer. In the 
moth eye coating, the cones are hexagonally 
arranged on the front surface of the device. 

For the FDTD simulations, the optical model 
is assumed to have a 5-μm-thick glass substrate, 
which is sufficient to make accurate prediction for 
the optical response (see Results and Discussion). 

2.2. Optical simulation 
We performed optical simulations using 

the FDTD method and characteristic 
matrix-based method, both of which are 
described in detail in our previous study [12]. 
Briefly, in the FDTD simulations, the 
absorbing boundary conditions (ABCs) are 
introduced, by using the perfectly matched 
layer approach [9]. The usage of ABC is 
needed to eliminate the reflection occurring at 
the boundary of the FDTD domain. In order 
to calculate broadband response from single 
simulation run, the result generated by a short 
pulse of incident light is Fourier transformed. 
The optical data for the materials used are 
fitted by the Lorentz-Drude model [14], 
which enables efficient FDTD simulations for 
dispersive materials. 

In the characteristic matrix-based 
simulations [13], the optical properties of 
moth eye array are described with the 
effective medium theory (EMT) [15]. The 
EMT is widely applied to describe the optical 
properties of nanotexture in cases where the 
period of texture is smaller than the 
wavelength of the incident light. By applying 
EMT, the model in Fig. 1 can be considered to 
consist of a thick glass substrate and two 
thin-film multilayer stacks, which correspond 
to the moth eye and OPV cell. In each stack, 
the light waves are added coherently 

Fig. 1. Optical model of the OPV cell with moth eye 
coating. 
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according to the characteristic matrix 
algorithm [13], whereas in the thick glass 
substrate, the light irradiances are added due 
to the loss of coherence. 

In both the FDTD and characteristic 
matrix-based analysis, the short-circuit 
current density ( SCJ ) of OPVs can be obtained 
as follow [12]. If we define ( )pA   to be the 
absorbance in the active layer at wavelength 
 , the number of absorbed photons, ( )pN  , is 
represented as 

( ) ( ) ( )p pN A F
hc
   ,    (1) 

where ( )F   is the AM1.5 solar irradiance 
spectrum, h  is Planck’s constant, and c is the 
light speed in free space. The level of photocurrent 
can be calculated by the following equation: 

0
( ) ( )g

SC e p NRJ q N F d


    .   (2)

Here, g  is the wavelength corresponding to the 
band-gap energy of P3HT (653 nm), eq  is the 
unit charge. ( )NRF   is a function representing 
the nonrecombination factor, which is simply 
assumed to be ( )NRF   = 1 for all   [16].  

2.3. The algorithm for removing artificial 
interference from FDTD response 

In the FDTD simulations with a thick glass 
substrate, strong oscillatory response takes 
place, due to the interference of light 

reflecting at the front and back sides of the 
substrate [11,12]. An example of such 
oscillation, in the absorbance in the active 
layer, is shown in Fig. 2A (black solid line). 
This type of oscillation is ‘artificial’ in the 
sense that it does not exist in the actual 
device. This is because, in the substrate much 
thicker than the wavelength of incident light, 
the coherence is lost so that the addition of 
irradiances takes place, as mentioned above.  

To remove such artificial interference 
effect and obtain correct optical response, our 
previous study has proposed a computational 
algorithm, which we call the envelope method 
from now on [12]. Let us define ( )r   to be 
the oscillatory FDTD response, which is a function 
of wavelength   (Fig. 2A, black solid line). The 
local peaks and troughs of ( )r   represent the 
states where the value of r  is maximally 
strengthened and weakened, respectively, by the 
interference of light passing through the substrate. 
Therefore, we can expect that the averaging 
between the states corresponding to the peaks and 
troughs results in the cancellation of the effect of 
artificial interference. To do this, we plot the upper 
and lower envelopes of ( )r   (Fig. 2A, dashed 
lines) by using the spline interpolation of the peaks 
and troughs, and take an average between the two 
envelopes. The detail of the envelope method 
is described in the following three steps:  

Fig. 2. (A) An example of the artificial interference effect in the absorbance in the active layer of OPVs. 
The functions of ( )r  (black solid), ( )g   (blue), ( )f   and ( )f   (black dashed), and ( )r   
are plotted (the inset shows the magnification of ( )g   and ( )r  ). (B) The absorbance spectrum 
obtained by the FDTD with the envelope method (red) and the characteristic matrix-based method (black). 
Blue line: the difference between the red and black lines. 
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(1) Let us define ir  for i  = 1, ... , N  to be the 
value of response ( )r   at wavelength i . We 
take the average of the response over nearby p  
p o i n t s  a t  e a c h  w a v e l e n g t h i , i . e . , ir  =

( 1) / 2

( 1) / 2

1 i p

j
j i p

r
p

 

  
 , and define ( )g   (Fig. 2A, blue

line) as the continuous function determined by the 
linear interpolation of the N  points ( i , ir ) for i
= 1, ... , N . (The parameter p = 21, unless 
otherwise stated.) 
(2) For all i , let id  be the minimum distance 
between the point iP ( i , ir ) and the curve of 

( )g   in the  ‒ r  plane. In addition, let il  be a 
value determined by il  = id  for ir  > ir  and 

il  = ‒ id  for ir  < ir . Further, let   and 
be a set of integers i  for which il  takes a local 
maximum and minimum, respectively, i.e.,   =
{ i | il  > 1il   and il  > 1il  } and   = { i | il  < 

1il   and il  < 1il  }. 
(3) Let us define ( )f   and ( )f   as the 
functions generated by the cubic spline 
interpolation of the points iP ( i , ir ) for i 
and i  , respectively. The curves of ( )f 
and ( )f  become the upper and lower 
envelopes of ( )r  , respectively, as shown in the 
dashed lines in Fig. 2A. The average of the two 
curves, represented by ( )r  = ( ( ) ( )) / 2f f   , 
gives the response curve in which the artificial 
interference effect has been eliminated (Fig. 2A, 
red line). 

For comparison to the envelope method, 
we attempted to remove the artificial 
interference effect from the FDTD response 
by two other methods as follows. The first 
method is the simple averaging, in which the 
linear interpolation of the points ( i , ir ) with ir  

= 
( 1) / 2

( 1) / 2

1 i p

j
j i p

r
p

 

  
 (for i  = 1, ... , N ) in (1) (shown 

above) gives the prediction of the response curve 
in the absence of artificial interference. The second 
method is the usage of low-pass filtering (LPF). In 
the LPF method, the frequency components higher 
than a threshold Cf  (in nm-1) is removed from 

( )r  , and the lower frequency components give 
the predicted response curve, in which the artificial 
interference has been removed. 

3. Results and Discussion
We first performed FDTD analysis for the 

OPV device without ARS. In the case that 
light passes through a glass substrate, strong 
oscillation emerges in the FDTD response due 

to the artificial interference effect, as 
mentioned above [11,12]. In order to remove 
the artificial interference from the spectrum 
of absorbance in the active layer, we applied 
the envelope method (see Experimental) (Fig. 
2A).  

In Fig. 2B, the absorbance spectrum obtained by 
using FDTD with the envelope method (Fig. 2B, 
red solid line) was compared with the spectrum 
obtained by the characteristic matrix-based method 
(Fig. 2B, black dashed line). The figure shows that 
the absorbance spectra obtained by the different 
methods agree very well for all wavelengths. As 
shown in Fig. 2 (blue dotted line), the difference 
between them is less than about 0.005, except for a 
range of quite short wavelengths (  < 350 nm).  

To quantify the difference between the 
absorbance in the active layer estimated by the 
FDTD and characteristic matrix-based methods, 
we define a measure D  as follows: 

1

0

1/ 2
2

1 0

1 [ ( ) ( )]FDTD matrixD A A d



  

 
 

   
  (3) 

Here, [ 0 , 1 ] ( 0 =300 nm, 1 =700 nm) is the 
wavelength range of interest. FDTDA (  ) and 

matrixA ( ) represent the absorbance spectra  
obtained by the FDTD and characteristic 
matrix-based analysis, respectively.  
  The D  value was calculated by applying the 
envelope method to the absorbance spectrum in the 
active layer of the OPVs in both the presence and 
absence of moth eye coating (Fig. 3A). Here, the 
period of moth eye array was set to be 32 nm, 
because the application of EMT to the textured 
pattern requires that its period is small compared to 
the wavelength, as mentioned above. The height H 
of moth eye was assumed to be 150 or 300 nm. We 
used various values of p , which is an adjustable 
parameter in the envelope method (see 
Experimental), and plotted the D  values as 
function of p . Note that there are no other major 
parameters to be adjusted in the envelope method. 
Similarly, we applied the other possible algorithms 
to remove the artificial interference (see 
Experimental) and the D  values were calculated 
with changing the major parameters used in these 
algorithms. In Fig. 3B, the simple averaging 
method was used with various parameter values of 
p , and the relationship between D  and p  was 

plotted. In Fig. 3C, the LPF method was employed 
with various values of the threshold frequency Cf , 
and the D   values were plotted as function of 
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Cf . The comparison of Figs. 3A-3C suggests that  
the variation in D  caused by changing the related 
parameters is much smaller when the envelope 
method is used than when the other methods are 
used. Further, the minimum values of D  obtained 
by changing these parameters are the smallest 
when the envelope method is applied for both the 
cases with and without moth eye (Table 1). These 
results suggest that the envelope method is not 
only accurate in estimating the optical response 
without artificial interference but also robust 
against changes in the related parameters, as 
compared to the other methods. 

Furthermore, we applied the envelope method 
to the OPV with moth eye texture whose height 
and refractive index are changed (Fig. 4). As 
shown in Fig. 4A, the measure D  was at a low 
level (~ 0.006) for all the examined conditions, and 
did not change significantly. We also compared the 
level of SCJ  obtained by the envelope method 
and that obtained by the characteristic 
matrix-based method (Fig. 4B).  In addition, we 
calculated the relative difference in SCJ
estimated by the different methods, which is 
defined Jsc = [( SCJ  obtained by FDTD with the 
envelope method)/( SCJ obtained by the 
characteristic matrix-based method) ‒ 1]×100 (%) 
(Fig. 4C). The figure shows that, for all the cases, 
the value of |Jsc | is smaller than 0.5 %, which is 
much smaller than the alteration in SCJ  produced 
by the moth eye coating (~ 9 % in ref. [12]). This 
result suggests that the FDTD simulation 
integrated with the envelope algorithm is accurate 
enough to be used for the optical design and 
analysis of the moth eye antireflection for OPVs. 

4. Conclusion
The FDTD simulation is widely used for 

analyzing the optical properties of textured 
surfaces such as moth eye structure. However, 
when FDTD is applied to OPVs, the existence 
of a thick glass substrate produces strong 
oscillatory response because of the artificial 
interference effect [12]. In this study, we 
investigated the envelope method, a 
computational algorithm to remove 
theartificial interference from the FDTD 
response. The results obtained by using the 
envelope method was compared with the other 
two algorithms, i.e., the simple averaging and 
LPF. It was revealed that the envelope method 
is the most accurate for estimating the optical 

response of OPVs and the most robust against 
variations in the related parameters. The 
FDTD simulation with the envelope method 
will be applicable to design antireflection 
surfaces for various solar cell devices, 
including OPVs, in which a light passes 
through a glass substrate. 
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    Table 1. Minimum values of D obtained by the envelope, simple averaging, 
and LPF methods for both the cases with and without moth eye. 

Envelope Simple 
averaging LPF 

Without moth eye 6.14×10-3 6.86×10-3 7.07×10-3 
With moth eye (H = 150 nm) 5.88×10-3 6.31×10-3 6.37×10-3 
With moth eye (H = 300 nm) 6.28×10-3 6.54×10-3 6.52×10-3 

Fig. 4. (A) The D value as function of the height H 
of moth eye coating, when the envelope method is 
applied to the absorbance spectrum of the active 
layer. (B and C) The changes in JSC obtained by the 
FDTD with the envelop method (B, solid lines) and 
the characteristic matrix-based method (B, dashed 
lines), and the relative difference JSC between them 
(C) are plotted as function of H. In (A)-(C), the black 
and red lines show the cases where the refractive 
index of moth eye array is 1.5 (black) and 1.3 (red), 
respectively. 
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