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Abstract: Broadband and omnidirectional antireflection coating is generally an effective way to improve solar cell efficiency, be-
cause the destructive interference between the reflected and incident light can maximize the light transmission into the absorp-
tion layer. In this paper, we report the incident quantum efficiency ηin, not incident energy or power, as the evaluation function
by the ant colony algorithm optimization method, which is a swarm-based optimization method. Also, SPCTRL2 is proposed to
be incorporated for accurate optimization because the solar irradiance on a receiver plane is dependent on position, season, and
time. Cities of Quito, Beijing and Moscow are selected for two- and three-layer antireflective coating optimization over λ = [300,
1100] nm and θ = [0°, 90°]. The ηin increases by 0.26%, 1.37% and 4.24% for the above 3 cities, respectively, compared with that
calculated by other rigorous optimization algorithms methods, which is further verified by the effect of position and time de-
pendent solar spectrum on the antireflective coating design.
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1.  Introduction

Broadband  and  omnidirectional  antireflection  is  one  of
the most desirable characteristics for high-efficiency solar cells
to allow maximum light transmission into the absorption lay-
er[1, 2].  Antireflection (AR) can be achieved by a few additional
layers  outside  of  Si  solar  cells  that  occupy  about  80%  of  the
photovoltaic  market  due  to  the  mature  technology  and  low
price[3, 4].  As  early  as  1880  it  was  found  that  multilayer  films
with  graded  refractive-index  increasing  from  top  to  bottom
between  air  and  the  Si  substrate  have  broadband  transmit-
tance  both  at  normal  and  oblique  incident  angles[5–8].  Insect
compound eyes are one of the typical graded refractive-index
structures which have inspired the development of lots of nano-
structure  and  fabrication  techniques  in  recent  years,  such  as
SiO2 microsphere  arrays[9, 10],  Si  nanowires[11, 12],  nano-
rods[13–15], Si nanostructure arrays[16], etc. The minimum refract-
ive  index  reached  1.05  using  oblique-angle  deposition  tech-
niques,  which  are  highly  desirable  for  antireflective  coatin-
gs[17–19].  In  the  view  of  the  effective  medium  theory  (EMT),
light is bent progressively in the ARs with smoothly graded re-
fractive index changing profile from air to substrate[20, 21]. Gener-
ally, different refractive index profile curves, such as linear, para-
bolic,  cubic,  quantic,  exponential  and  exponential-sinusoidal,
exhibit  different  antireflective  performance.  The  optimization
of the refractive-index profile experimentally is  then changed
to  optimize  the  profile  of  the  nanostructure  and  its  filling

factor[22, 23].  However,  it  is  still  a  great  challenge  to  obtain  a
high-performance optical  structure compared with the optic-
al  performance  characterization  of  a  structure[24–26].  Recently,
several  rigorous  optimization  algorithms  based  on  advanced
global  optimization  techniques,  such  as  the  genetic
algorithm[27, 28], simulated annealing algorithm[29, 30] and artifi-
cial  immune  algorithm[31] have  been  developed  to  optimize
multilayer AR coating design. Recently, various swarm-based op-
timization algorithms have been successfully implemented in
the design of multilayer AR coating to improve the existing nu-
merical  methods.  These  optimization  methods  are  robust,
stochastic  and  generally  do  not  rely  on  the  initial  conditions.
Among them, ant colony algorithm (ACA)[32] is a heuristic optim-
ization  algorithm  that  mimicks  the  way  ants  establish  the
shortest  path from their  nest  to the food source and back by
leaving their pheromones on the path as a communication me-
dium among them[32]. A moving ant releases quantities of pher-
omone on the way, and the other ants detect and evaluate the
choice of  route according to the pheromone trail.  Finally,  the
shortest path can be found after more and more ants select a
more intense pheromone way. It has proved to be a powerful
method  to  solve  the  optimization  problems  in  basic  and  ap-
plied science[33]. It also demonstrated the best optimization res-
ult in the AR coating system. An average reflectance of 2.98%
was  obtained,  which  is  much  lower  than  4.5%  optimized  by
the genetic algorithm and 6.59% by the simulated annealing al-
gorithm over the optimization range of λ = [400, 1100] nm and
θ = [0°, 80°][34].

There are two problems with the current optimization al-
gorithms. The first problem is that it is the reflectance or trans-
mittance, which is the concept of energy, that is utilized in the
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evaluation  function  for  all  the  above  algorithms.  However,  it
should  be  the  incident  quantum  efficiency ηin which  is  the
concept of particle that should be the objective. Another prob-
lem is the actual solar spectrum is position and time depend-
ent. While in the above optimization, uniform irradiation is ap-
plied  for  simplicity.  The  existing  inaccurate  selections  of  the
evaluation function and solar spectrum indicate there is space
to further improve the quantum efficiency of the solar cells.

In  this  paper,  the  incident  quantum  efficiency ηin is  pro-
posed  to  be  the  evaluation  function  for  the  optimization  of
broadband  omnidirectional  antireflective  coating  using  the
ACA  method.  SPCTRL2[35],  a  program  computing  solar  irradi-
ance of clear sky spectral direct beams on a receiver plane at a
position  and  time,  is  also  incorporated  in  the  optimization.
Three typical cities of Quito, Beijing and Moscow, which are loc-
ated at the equator and northern latitudes of 39.9° and 55.3°, re-
spectively,  are  selected  for  AR  optimization  over θ =  [0°,  90°]
and λ =  [300,  1100]  nm.  The  incident  quantum  efficiency  of
two-layer AR coating optimized by ACA with SPCTRL2 incorpor-
ated increases from 95.74% to 96.00% for Quito, from 92.27%
to 93.64% for Beijing, and from 86.78% to 91.02% for Moscow,
respectively.  With  three-layer  AR,  the ηin increases  from
96.86%  to  97.60%  for  Quito,  from  95.72%  to  97.03%  for
Beijing,  and  from  94.46%  to  95.74%  for  Moscow.  These  com-
parable  results  suggest  that  using ηin as  the  evaluation  func-
tion in ACA method incorporated with actual solar spectra can
practically improve the quantum efficiency of solar cells.

2.  Simulation approach

2.1.  Modelling structure and evaluation function
The schematic structure of the graded refractive-index anti-

reflective coating to be optimized is  shown in Fig.  1,  where a
plane wave is incident from the air with an incident angle of θ
and refractive index of n0. Each layer is characterized by its thick-
ness di with the refractive index ni, i = {1, 2, …, N}. For simpli-
city,  the  entire  absorption  layer  is  assumed  to  be  at  the  bot-
tom absorption layer with refractive index of nab without con-
sidering  the  back  surface  reflectance.  For  practical  materials,

the  refractive  index  and  the  extinction  coefficient  vary  with
wavelength,  which  is  known  as  the  dispersion  relationship.
The refractive index, dispersion and absorption curves can be in-
cluded  into  the  transmission  calculation  realized  by  expand-
ing  each  refractive  index  in  the  optimization  into  a  matrix  in
the  software  “MATLAB”.  The  calculations  presented  here,
however, only consider single values of refractive index (i.e. no
wavelength  dependence)  and  the  layers  are  assumed  to  be
non-absorbing. The refractive index and AR layer thickness are
set  as  optimization parameters  in  the  ant  colony for  optimiz-
ing AR layer.

The incident quantum efficiency ηin, as the evaluation func-
tion,  which  is  dependent  on  the  wavelength  and  incident
angle, can be expressed by
 

ηin =

∫ λ2
λ1

∫ θ2
θ1

T (λ,θ)Num(λ,θ)dθdλ∫ λ2
λ1

∫ θ2
θ1

Num(λ,θ)dθdλ
, (1)

in which λ2 and λ1 are the upper and lower boundaries of the
wavelength, respectively. θ2 and θ1 are the upper and lower
boundaries of the incident angle, respectively. T(λ, θ) is the op-
tical transmittance of the N-layer antireflective coating and is
calculated by the transmission matrix method according to
the Maxwell equations. The Num(λ, θ) (photon/m2/s) is a func-
tion of the incident wavelength λ and the incident angle θ,
which can be expressed by[36, 37]

 

Num(λ,θ) = E (λ,θ)
λ

hc
, (2)

where h is Planck’s constant and c is the speed of light in vacu-
um. E(λ, θ) (in units of W/m2/micron interval) is the irradiance
of the solar spectrum. SPCTRL2, a program from the National
Renewable  Energy  Laboratory,  can  provide  detailed  solar
spectrum data in the world which considers the longitude, lat-
itude, atmospheric conditions, and incident angle with a date
and a time. All the data of the irradiance of the solar spectrum
E(λ, θ) and the incident photon flux density Num(λ, θ) are ob-
tained from SPCTRL2 in this report. With the revolution of the
earth, the incident angle in the south-north direction varies
seasonally with the oscillation centre on the day of spring or
autumn equinox, when the sunlight is normally incident on
the equator. Hence, the AR optimization which should con-
sider the local solar spectrum of a whole year is now simpli-
fied to consider the solar spectrum on the day of spring equi-
nox only.

2.2.  Solar spectrum

Fig.  2 shows  the  spectra  of  the  daytime  incident  photon
flux density on the day of  the spring equinox for the cities of
(a) Quito, (b) Beijing and (c) Moscow according to Eq. (2). The in-
put parameters  in  the SPCTRL2 for  the cities  of  Quito,  Beijing
and Moscow are shown in Table 1, which are all from AERON-
ET[37].  For  Quito,  the  incident  angle  changes  from  90°  to  0°
then  back  to  90°  which  corresponds  to  the  period  from  sun-
rise, to noon, then to sunset, because the two-dimensional in-
cident plane is the same from sunrise to sunset. The minimum
incident  angle  is  0°,  which  is  shown in Fig.  2(a).  However,  for
the cities in the southern or northern hemisphere, the two-di-
mensional incident plane changes all the time from sunrise to
sunset. The minimal incident angle is determined by the relat-
ive  position  of  the  Sun  and  the  Earth.  The  incident  angle

 

Incidence Air n0

Thickness d

1st layer n1,d1

2nd layer n2,d2

ith layer n
i
,d

i

Nth layer n
N
,d

N

Absorption layer nab

n0 nab Refractive
 index n

… …

… …

θ

Fig. 1. (Color online) The graded refractive-index structure of an N-lay-
er anti-reflective coating system. A plane wave is incident from the air
with the refractive index of n0 and incident angle of θ.  Every layer of
the coating is characterized by the thickness di with the refractive in-
dex ni, i = {1, 2, …, N}. The entire absorption layer is assumed to be in
the bottom layer with refractive index nab without the back surface re-
flectance.  The  right  curve  shows  the  numerical  value  of  the  graded
change of refractive index and the thickness of each anti-reflective layer.
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changes from 90° to 39.9° and then to 90° for Beijing from sun-
rise to sunset,  as shown in Fig.  2(b).  For the same reason,  the
minimum  incident  angle  is  55.3°  for  Moscow,  as  shown  in
Fig. 2(c). Therefore, the boundaries of the incident angle in Eq.
(1) will change with the actual location of the solar cells. Fig. 2(d)
compares  the  incident  photon  flux  density  spectra  the  solar
cell  will  receive  over  the  day  of  the  spring  equinox  when
placed  in  Quito,  Beijing  and  Moscow,  after  integrating  over
the entire incident angle range. The incident photon flux dens-
ity  spectra  are  totally  different  on  Earth  due  to  the  atmo-
sphere scatter and absorption at different locations with differ-
ent incident angle and latitude.

3.  Results and discussion

Table 2 presents the detailed structures of two AR coating

films  optimized  by  the  ACA  method  with  and  without
SPCTRL2  incorporated. Fig.  3(a) shows  the  optimized  optical
transmittance  spectrum  optimized  by  ACA  without  consider-
ing SPCTRL2 with λ = [300,  1100] nm and θ = [0°,  90°],  where
the area of the contour plot with the transmittance above 80%
and  98%  are  76.12%  and  27.51%,  respectively,  which  are
marked by white lines. Figs.  3(b)–3(d) presents  the optimized
optical  transmittance  spectrum,  wherein ηin-Q, ηin-B and ηin-M

represent  the ηin of  Quito,  Beijing  and  Moscow,  respectively.
The ηin are 95.74%, 92.27%, and 86.78% for Quito, Beijing and
Moscow, respectively. Obviously, the area with higher transmit-
tance redshifts and moves up to larger incident angle in order
to adapt to the effect of the city location and time in the optim-
ization,  which can be distinguished from the contour  lines  of
the transmittance. The area of the contour plot with the trans-

Table 1.   Input parameters used in SPCTRL2 program.

Parameter Latitude
(°)

Longitude
(°)

Aerosol
optical depth Alpha Albedo (surface

reflectance)
Total column
ozone (cm)

Total precipitable
water vapor (cm)

Surface
pressure (mB)

Days of
the year

Quito 0 78.5W 0.27 1.14 0.2 0.34 1.42 1013.25 79
Beijing 39.9N 116.3E 0.77 1.14 0.16 0.34 0.95 1040 79
Moscow 55.3N 37.5E 0.35 1.14 0.1 0.36 1.36 750 79

Table 2.   Detail structures of two-layer antireflective coating optimized by ant colony algorithm with and without SPCTRL2 incorporated.

Optimization method
1st layer 2nd layer

Refractive index Thickness (nm) Refractive index Thickness (nm)

No SPCTRL2 1.41 112.09 2.41 58.89
SPCTRL2 at Quito 1.44 113.66 2.55 60.46
SPCTRL2 at Beijing 1.27 165.29 2.29 76.10
SPCTRL2 at Moscow 1.17 221.62 2.15 80.80
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Fig. 2. (Color online) The dependence of the incident photon flux density on the wavelength and the incident angle on the day of the spring
equinox for (a) Quito, (b) Beijing and (c) Moscow, respectively. At noon of the day of the spring equinox, the sunlight is vertically incident on the
equator. The incident angle at noon of the day of spring equinox for Quito, Beijing and Moscow is 0, 40, and 55 degrees, respectively. At sunrise
or sunset, the incident angles of these three cities are the same 90 degrees. (d) The comparison of the spectrum of the incident photon flux
density of three cities at noon on the day of the spring equinox. The incident photon flux density spectra are totally different Earth due to the at-
mosphere scatter and absorption at different location with different incident angle and latitude.

Journal of Semiconductors     doi: 10.1088/1674-4926/40/3/032702 3

 

 
X Guo et al.: Optimization of broadband omnidirectional antireflection coatings for solar cells

 



mittance above 80% and 98% are 73.72% and 35.99%, 71.32%
and  27.12%,  69.92%  and  17.43%,  respectively.  However,  the
ηin for  Quito,  Beijing  and  Moscow  are  increased  to  96.00%,

93.64%, and 91.02%, respectively. In other words, the incident
quantum  efficiency  at  Quito,  Beijing  and  Moscow  optimized
by  the  ant  colony  algorithm  with  SPCTRL2  incorporated  are
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Fig. 3. (Color online) The optical transmittance spectrum with λ = [300, 1100] nm and θ = [0°, 90°] for two-layer AR coating optimized by (a) ACA
without SPCTRL2, and with SPCTRL2 of (b) Quito (c) Beijing and (d) Moscow. The detail structures are presented in Table 2. The areas with trans-
mittance above 80% and 98% are marked by white lines. The incident quantum efficiency at Quito, Beijing and Moscow optimized by ACA with
SPCTRL2 incorporated is 0.26%, 1.37% and 4.24% larger than that optimized without SPCTRL2 incorporated for two-layer AR coating, respect-
ively. Comparison of the actual solar spectrum and incident quantum efficiency ηin (λ), for (e) Quito (f) Beijing and (g) Moscow with and without
SPCTRL2 incorporated. When considering the solar spectrum in different cities and setting ηin as the evaluation function in the AR coating op-
timization, the peak of the quantum efficiency spectrum moves towards around 700 nm, which is the peak of the actual solar spectrum and fits
the actual solar spectrum very well for all three cities.
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0.26%,  1.37%  and  4.24%  larger  than  that  optimized  without
SPCTRL2 incorporated for  two-layer  antireflective  coating,  re-
spectively. Figs.  3(e)–3(g) show  the  omnidirectional  incident
quantum efficiencies ηin(λ) of Quito, Beijing and Moscow with
and  without  SPCTRL2  incorporated,  respectively.  It  can  be
seen that, with SPCTRL2 incorporated, the quantum efficiency
spectrum  almost  fits  the  actual  solar  spectrum  very  well  for
each  city.  While  for  the  quantum  efficiency  spectrum  optim-
ized  without  SPCTRL2  incorporated,  there  is  an  obvious  mis-
match  between  the  actual  solar  spectrum  and  quantum  effi-
ciency spectrum. Similar results are also obtained for three-lay-
er  AR  coating  optimization.  The ηin increases  from  96.86%  to
97.60% for Quito, from 95.72% to 97.03% for Beijing, and from
94.46% to 95.74% for Moscow, respectively.

In  practice,  the  refractive  index  value  of  bulk  material
between  1.46  and  2.55  is  available  for  common  silicon  solar
cells, which limits the current commercial availability of low-re-
fractive  index  materials  in  solar  cell  applications.  Two-layer
and three-layer AR coatings are optimized with the restriction
of refractive index between 1.46 and 2.55. Compared with the
refractive index ranging from 1.05 to 2.66, the ηin of two-layer
AR  coating  optimized  with  and  without  SPCTRL2  incorpor-
ated  at  Quito,  Beijing  and  Moscow  are  96.00%  and  95.30%,
93.64%  and  92.83%,  91.02%  and  87.71%,  respectively.  For
three-layer  AR  coating,  it  is  97.60%  and  95.96%,  97.03%  and
93.02%, 95.74% and 87.94%, respectively. The improvement is
still obvious. It is necessary to perform careful optimization for
AR coatings in practice even with restrictions on the refractive
index  selection,  especially  for  the  cities  in  the  high  latitude.
Comparing  the  detailed  structure  parameters,  it  was  found
that  the  lower  limit  of  the  refractive  index  is  more  important
for ηin,  because  the  large  discrepancy  of  the  refractive  index
between the air and surface layer of the solar cells determines
the reflection. Expanding the range of the refractive index for
the  practical  material  can  be  achieved  by  nano-technology
and advanced deposition techniques, which has proven to be
a useful  technique to manipulate the light coupling in silicon
photonics.

4.  Conclusion

In this paper, the incident quantum efficiency ηin is set as
the  evaluation  function  with  SPCTRL2  program  incorporated
to optimize the broadband and omnidirectional AR coating by
the ACA method for silicon solar cells for the purpose of practic-
al applications. The solar spectrum on the day of the spring equi-
nox was selected, which can simplify the optimization process
to expand to whole year optimization. Two-layer and three-lay-
er  antireflective  coatings  are  optimized  over λ =  [300,  1100]
nm and θ = [0°, 90°]. The ηin of two-layer AR coating optimized
by  the  ACA  method  with  SPCTRL2  incorporated  increases  by
0.26%, 1.37% and 4.24% over that without SPCTRL2 incorpor-
ated  for  Quito,  Beijing  and  Moscow,  respectively.  While  for
three-layer  antireflective  coating,  the ηin are  improved  by
0.74%,  1.31%  and  1.28%,  respectively.  The  careful  optimiza-
tion for AR coatings in practice even with restrictions on the re-
fractive  index  selection  can  further  improve  the  efficiency  of
the solar cells, especially for high latitude locations.
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