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In  article  a  two-dimensional  photonic  crystal  (PhC)  is  considered  and  modelled  as  a new  generation
antireflection  coating  for optoelectronic  devices.  Traditional  antireflective  coatings  (ARCs)  reduce  the
reflection  of the radiation  only  – the  new  generation  of  antireflective  coatings  should  affect  the  distribu-
tion  of the  radiation  also.  Such  functionality  can be  provided  by the  two-dimensional  PhC  which  reduce
the  reflection  and scatter  transmitted  light.  Prior  to  the  fabrication,  the  PhCs  should  be  designed  and
analysed.  Results  of  the  analysis  should  provide  quantitative  means  for  choice  of  materials  and  design
solutions.  In  work,  we analyse  the electromagnetic  field  distribution  as  Poynting  vectors  inside  the  mate-
rials  of  optoelectronic  devices,  in  order  to  investigate  the  possibility  of improving  the  construction  of
future  optoelectronic  devices.  Furthermore,  we  calculate  the  reflection  and  transmission  of that  ARC.  It’s
a  complex  optic  analysis  of new generation  of  ARC.  The  numerical  analysis  has  been  performed  with  the
FDTD  method  in  Lumerical  Software.  In work,  we  consider  the  two-dimensional  photonic  crystal  on the
top  surface  of  optoelectronic  structures.  We  compared  the  results  with  the  traditional  ARC  from  these

same  parameters  as  PhC:  thickness  and  material.  As an  example,  we  presented  the application  of  mod-
elled,  photonic  crystal,  thin-film,  GaAs  solar  cells  with  PhC  on  top.  The  efficiency  of  this  solar  cell,  using
the  photonic  crystal,  was  improved  by  6.3%  over  the  efficiency  of  this  same  solar  cell  without  PhC.  Thus,
our  research  strongly  suggests  that  the  unique  properties  of  the  photonic  crystal  could  be used  as  a new
generation  of ARC.

 Polis
©  2019  Association  of

. Introduction

.1. Introduction to a new generation of antireflection coating

The purpose of using antireflection coatings (ARCs) is to increase
he amount of radiation reaching the optoelectronic structure [1] by
educing the reflection from the surface. The antireflection coatings
re fabricated from different materials, depending on the substrate
election, technology and operational requirements. There are sev-
ral ways to reduce reflection from the device surface. The most
ommon is a single or multilayer coating [2]. For a reduction in
eflection [3], as well as texturization of the top surface of the [4]
ncluding surface textures [5] or a [6]. The traditional antireflection
oatings simply change the amount of the radiation reaching the
ctive part of a photonic device. However, from a point of view of

evice designer, it would be desirable to controll [7]. The new ARCs
hange the length of paths of optical beams that travel through
ptoelectronic devices. Moreover, those structures can create a

∗ Corresponding author.
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ttps://doi.org/10.1016/j.opelre.2019.02.004
230-3402/© 2019 Association of Polish Electrical Engineers (SEP). Published by Elsevier 
h  Electrical  Engineers  (SEP).  Published  by  Elsevier  B.V.  All  rights  reserved.

light-trapping effect. In this light-trap, the photons may have a path
several times longer than the actual thickness of the device and can
be absorbed in very thin layers [8]. The idea of traditional and new
generation antireflection coatings is presented in Fig. 1.

Photonic crystals (PhC) and their optical properties have
attracted much attention in the last quarter-century [9]. They are
used in different applications, e.g. detectors and photovoltaic cells
[7]. In particular, photonic crystals are useful for light trapping
because changing parameters of the PhC changes the transmission
and reflection of the incident radiation [7].

Already the one-dimensional PhCs are applied as a distributed
Bragg reflector (DBR) [10]. In Ref. 10, the improvement of the effi-
ciency of an c-Si solar cell was increased to approx. 20% after using
the PhC. In Ref. 11, the efficiency of an a-Si solar cell increased by
approx. 2% in comparison to the structure without PhC. The trans-
mission of antireflection coating increased by 5% when the PhC was
used as a smart window for low-temperature applications [12].
In Ref. 13 the efficiency of a c-Si solar cell increased by approx.

5.5% after the two-dimensional photonic crystals are used as a back
reflector. In Ref. 14 the PhC was used in thermophotovoltaic appli-
cations and the absorption increased to 32% when the PhC was used
as ARC layer.

B.V. All rights reserved.
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ig. 1. The idea of traditional and new generation of ARCs: The bare (uncoated) sam
RC,  the light reaches the structure, but the radiation is not deflected. The new ge
djust  the distribution of electromagnetic field with the active area of an optoelectr

So far, the literature has shown how to use the PhCs to improve
arameters of optoelectronic devices [15–18] in specific structures
nd for selected combination of materials. However, a comparative
nalysis of the electromagnetic field distribution and transmission
haracteristics for different material compositions was  not pro-
ided. In Refs. 19–21 articles, authors have calculated the energy
eld distribution inside the structures, but they have not consid-
red the transmission and reflection of analysed devices. Ref. [22]
onsidered modelling of PhC as an antireflection coating. However,
uthors have not analysed the energy distribution inside the opto-
lectronic structure. In Ref. 23, authors have performed complex
ptical analysis of reflection and transmission of photonic crystal’s
tructure and energy field distribution inside the device. However,
t was calculated and considered only for organic material.

In this paper, we present a detailed analysis of using the PhC for
mproving efficiencies of optoelectronic structures. Poynting vector
istribution, transmission, reflection and absorption are calculated
nd compared for different substrates and different PhC materials.
o our knowledge, it was not done previously.

.2. Introduction to modelling of photonic crystals

Modelling of the PhC performance is done with the meth-
ds used for calculation of electromagnetic field propagation
nd distribution [24]. The most popular methods are the plane
ave expansion method (PWE) and finite-difference time-domain

FDTD) [24,25]. The PWE  method is adequate for the planar and
omogeneous structures [26]. However, this method does not pro-
ide information about distribution of optical power inside the
ptoelectronic devices [27]. The FDTD method is more universal
nd is capable of analysis of heterogenous structures with rapidly
hanging topological details [28].

The FDTD method divides the area of interest into small calcu-
ation cells, with the cell dimensions usually ranging from a few to
everal tens of nanometers [28]. For efficient modelling the num-
er of cells should be kept as low as possible. For this reason, in
he numerical analysis, only part of the structure is selected where

he interactions that are of interest take place. On the edges of that
egion numerical boundary conditions are placed. The traditional
oundary conditions are those which have to be fulfilled for fun-
amental physical reasons, at the boundaries of the devices, while
s unlighted so the radiation does not appear inside of the structure. For traditional
on of ARC reduces the reflection, as do a traditional ARC, but deflect the light and
evice.

solving the relevant equations [29]. On the other hand the numeri-
cal boundary conditions provide the information for the algorithm
about the behaviour of the electromagnetic field at the edges of the
modelling area [28].

FDTD models of the PhCs yield information about reflection,
transmission and the optical band structure [24]. Furthermore, with
the FDTD method, the Poynting vector distribution and the infor-
mation about scattered radiation inside the optoelectronic device
can be calculated. This information is important for optimizing
detectors and solar cells in a thin-film technology [30]. The anal-
ysis of the field distribution shows the regions of high intensity
of radiation formed within the structure. In these areas the active
parts of semiconductor devices, e.g., p-n junctions of photodetec-
tors, should be located [30,31].

2. Modelling of the photonic crystal

2.1. Details of the modelling process

In this work we have modelled a two-dimensional PhC with
the finite-difference-time-domain (FDTD) using the Lumerical
FDTD software. For the modelling work we have selected gallium
arsenide (GaAs) and silicon (Si), the popular photonic materi-
als [32]. These materials served as substrates for both PhCs and
traditional one-layer antireflection coatings (ARC) (Fig. 1). Semi-
conductor devices are typically manufactured on substrates with a
thickness ranging from a few micrometers up to several hundred
micrometers. For our modelling we assumed the modeling area to
be 2 �m thick, as this is a typical value for a p-n junction in thin-
film optoelectronic devices [31]. With this value we  analysed the
influence of PhC and traditional, single-layer antireflection coat-
ing on the electromagnetic field distribution below the surface of
potential optoelectronic devices. The operation of PhCs strongly
depends on the refractive index of materials from which they
are built [25]. For our modelling we have selected two materials
of significantly different refractive indices: high-refractive-index
aluminium oxide (Al2O3, nAl2O3 ≈ 1.76) and low refractive index

polymer (polymethyl methacrylate PMMA,  nPMMA ≈ 1.49) [33].

Refractive indices of the materials were taken from Palik [34]
and [33]. As a light-source spectrum, we adopted the AM 1.5 solar
spectrum generated by the Lumerical program. The simulations
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ig. 2. Schematic of the modelling region. The parameters are measured by the m
ontrol  the Poynting vector, and XZ monitors control transmission and reflection. T

ere carried out in the spectral range from 300 nm to 1100 nm,
s this range covers the most significant range of the AM 1.5 solar
pectrum. Furthermore, the optoelectronic devices made of silicon
r GaAs, often work in this range [31]. The angle of incidence was
et to 0 degrees and was not changed during the modelling process.
he modelled area is marked by the green rectangle in Fig. 2, with
he following dimensions: Y from 0 to 2.3 �m,  X and Z: from − 0.44
o 0.44 �m.  The orientation of the axis is shown in Fig. 2.

We  selected transmittance, reflectance and Poynting’s vector as
arameters describing the performance of analysed structures. In
he Lumerical software used, the parameters are established with
he help of so-called “monitors.” Frequency-domain field monitors
ollect the field profile in the frequency domain from simulation
esults across a spatial region within the simulation in the FDTD
35]. The group of Poynting’s monitors from Fig. 2 were set up as
lane monitors set at several X coordinates (Y: 0 – 2 �m,  Z: −0.44 to
.44 �m,  X: set position), which allowed us to obtain information
bout the direction of power flow in 3D. As shown in Fig. 2 each
onitor is marked by a letter and can be addressed and positioned

ndividually.

.2. Calculation mesh and numerical boundary conditions

The numerical analysis of the electromagnetic field behaviour
nside photonic devices start with the selection of a set of equa-
ions defining physical prerequisites and the numerical method.

orking within the established modelling environment, the user
as to make choices according to the scope of research, available
omputational power and required accuracy of the analysis.

If the FTDT method is applied, the calculation cell size has to be
efined. The size of the cell can be specified in units of length or in

 relative way, in reference to the wavelength. For our calculations
he mesh of was set to 16 ppw (points per wavelength) to ensure

 modelling error of 0,01%. 16 ppw meant that the mesh cell size
as:
 = �

16 · n(�)
(1)

here:
g is the size of simple Yee’s cell [28] for a given wavelength,
s, which take form of planes, limited by the area of modelling. YZ-plane monitors
et on the right shows the locations of 12 Poynting monitors, marked A to L.

� is the wavelength,
n(�)  is the dispersion of the material.
Particularly, in the case of our modelling process, the mesh cells

size ranged from 3.8 nm (wavelength of 300 nm)  to 19.4 nm (wave-
length of 1100 nm)  for Si and from 5.0 nm (wavelength 300 nm)  to
19.9 nm (wavelength of 1100 nm)  for GaAs.

2.3. Selection of numerical boundary conditions

The boundary conditions are the necessary component of the
analysis of photonic devices with differential equations - they
define the shape of the analyzed structure and its constraints.
In numerical modelling another set of numerical conditions
is required: the so-called numerical boundary conditions. The
numerical boundary conditions set the limits of the modelling
area (which is usually different from device boundaries) and
control the behaviour of electromagnetic field at these lim-
its.

The perfectly matched layer (PML) is the artificial absorbing
boundaries for wave equations. The PML  is usually used to truncate
the analysis and region of the simulations [36]. The PML  boundary
numerically absorbs the light and eliminates reflections (ideal PML
provide zero reflection) [37].

Lumerical FDTD uses the new formulation of PML  based on the
stretched coordinate formulation [38], where the users can directly
specify all the parameters that control the absorption properties
of the selected PML  boundaries [39]. The user can also select PML
profiles and fine tune the number of layers. For our modelling, we
have selected a standard profile of PML. The number of PML  layers
was set to 20.

The Periodic and Bloch boundary conditions are used in the
case of periodic structures [40,41]. These boundary conditions
cause that the area of the simulation can be minimized to simply
periodically recurrent cells. In our simulation different numerical
boundary conditions are selected for different directions. Numeri-

cal boundary conditions used by us are listed in Table 1.

The 3D simulations have been used for modelling photonic-
crystal-based AR coatings, uncoated structures, and standard AR
coatings.
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Table  1
The boundary conditions used by un in the modelling of two-dimensional PhC as an
antireflection coating for optoelectronic applications.

Direction Axis X Axis Z Axis Y

Boundary condition Periodic BC PML
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ig. 3. Reflectance as a function of wavelength for PhCs and thin film ARC made of
MMA and Al2O3, deposited on top of the GaAs substrate. Reflectance of an uncoated
aAs is also given for the reference.

.4. Modelling of antireflection coatings

We  investigated a two-dimensional PhC deposited on the top
f the GaAs and Si substrates. For numerical analysis, a 2 �m top-
ost layer of the substrate was selected. The PhC was formed by

anocylinders of aluminium oxide or PMMA.  Aluminium oxide was
elected, as the value of its refractive index, approximately equal to

 square root of the refractive index of gallium arsenide, makes it
 natural choice for ARC [42]. PMMA  was chosen for its popularity
nd ease of processing [43,44].

The following parameters of the PhC were set after the previ-
us optimization [45]: lattice constant a = 440 nm,  the diameter
f nanocylinders Ф = 300 nm and layer thickness (the height of
anocylinders) d = 120 nm.

The PhCs were compared with traditional (plain layer) ARCs
rom PMMA  and aluminium oxide, deposited on the top of the ana-
ysed substrates. The thickness of ARCs was set to 120 nm,  which is
he same value as the height of nanocylinders in PhC’s antireflec-
ion structures. We selected reflectance, transmittance, Poynting
ector and optical generation as quantitative results of the analy-
is. As a reference for the achieved reflection results the uncoated
ubstrate of gallium arsenide and silicon was used. For calculations
f the transmission the 120 nm thin films of Si and GaAs were used
s a reference.

.4.1. Results of the modelling process of antireflection coatings

In this chapter calculated results of reflectance and trans-
ittance are presented. Results were obtained according to the

rocedures described in chapters 2.1 and 2.2, and registered by the
onitors indicated in Fig. 2. In the calculations, the photonic crys-

al and traditional ARC were considered for gallium arsenide and
ilicon substrates.

In Fig. 3 reflectance of ARCs deposited on the GaAs substrate
s shown. There are two PhC coatings and two plain layer coating,
oth made of Al2O3 and PMMA.  There is also reflectance curve from
he uncoated GaAs provided for the reference.

In the 300–1100 nm spectral range reflectance from the

ncoated substrate of gallium arsenide is the same as a liter-
ture reference [34], which verifies correctness of the selected
umerical procedure. All types of the analysed ARCs reduce the
eflection from the surface of gallium arsenide. In the visible range,
Fig. 4. Transmission as a function of wavelength for PhCs and thin film ARC made
of  PMMA  and Al2O3, deposited on top of the GaAs substrate. Transmission of an
uncoated GaAs surface is also given for the reference.

the Al2O3 PhC coating reduces the reflection better than the plain
layer ARC. For the PMMA  material that effect is observed in the
range from 320 nm to 550 nm.  In the remaining part of the spec-
trum plain layer of PMMA  works better than PhC-film. In the near
infrared, both traditional ARCs reflect less radiation than PhC’s coat-
ings. The PhC’s coatings exhibit fluctuations in the visible range of
light.

In Fig. 4. transmission of ARCs deposited on the GaAs substrate
is shown. As previously, there are two curves for PhC coatings and
two plain layer coating, both made of Al2O3 and PMMA.  There is
also a reference curve from the uncoated GaAs.

Comparing reflection and transmission characteristics of ARCs
made of Al2O3 and PMMA  we notice, that the coating of the material
with higher refractive index allows more radiation into the sub-
strate. The same observation is true for PhCs. The PhC, made of the
material with higher value of refractive index introduces more radi-
ation into the optoelectronic structure. However, higher contrast
of refractive index between the nanocylinders and their surround-
ings (in this case it is air) is important for PhCs. The effects from the
wave optics have the influence on the shape of the transmission
characteristics of PhC. For this reason, the analyse of PhC as new
generation antireflection coating is unintuitive and requires a lot
of calculation.

Comparing the curves from Figs. 3 and 4 we  can say that Al2O3-
PhC is better than PMMA-PhC, as more radiation will reach the
structures within the GaAs substrate. Assuming that transmission,
reflection, and absorption are related by the equation [46]:

1 = R + T + A, (2)

where:
R is the reflection,
T is the transmission,
A is the absorption,
absorption has been calculated. The results are presented in

Figs. 5 and 8.
The coatings of PMMA  absorb strongly the radiation in the range

from ultraviolet to approx. 320 nm.  Out of this range, the absorption
of PMMA  decreases.

In Fig. 6. the reflectance of ARCs deposited on Si substrates
is shown. There are two  PhC coatings and two plain layer coat-
ings, both made of Al2O3 and PMMA.  There is also a reflectance
curve from the uncoated Si provided for the reference. In the
300–1100 nm range we obtained the same result of simulated
reflectance for uncoated samples from silicon as literature ref-

erence [34] which, again, verifies correctness of the numerical
procedure.

The plain-layer ARC from Al2O3in the range from 400 nm to
480 nm exhibits the reflection higher than that for the uncoated
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Fig. 5. Absorption as a function of wavelength for PhC ARC made of PMMA  and
Al2O3, deposited on top of GaAs substrate.

Fig. 6. Reflectance as a function of wavelength for PhjC ARC made of PMMA  and
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Fig. 7. Transmission as a function of wavelength for photonic-crystal made of PMMA
and  Al2O3, deposited on the top of the Si. Transmission of an uncoated Si is also given
for  the reference.
l2O3, deposited on top of the Si substrate. Reflectance of an uncoated Si is also
iven for the reference.

i. For Al2O3 material one can see that PhC in the spectral range
rom 350 nm to 650 nm reflects less radiation than ARC in the same
ange. However, for range from 650 nm to 1100 nm,  ARC has lower
eflectance than PhC.

The PhC made of PMMA  have changed the reflection of light but,
n the range from 340 nm to 360 nm,  the reflection was  worse than
hat for the uncoated Si. For PMMA’s material one can see that PhC
n the spectral range from 370 to 520 nm reflects less radiation than
RC in the same range. Out of this range, the ARC from PMMA  has

he smallest reflectance than for PhC.
The reflectance data from Fig. 6. show that only PhC made of

l2O3 and ARC from PMMA  reduced the reflection in the whole
nalysed spectral range. The reflection for the PhC made of Al2O3
educed the reflection most.

Figure 7 shows that the best transmission is obtained for PhC
nd ARC made of Al2O3.

The PMMA absorbs most of the radiation from 300 nm to
50 nm.  Out of the range, the absorption of PMMA  decreases. It
as expected that the same result of absorption for coats from

MMA  on the Si is like for coats from PMMA  on the GaAs. The PhCs
ntroduce some different transmission in the range from 300 nm
o 400 nm.  Probably, it is caused the construction and effects of
hCs.

Transmission, absorption and reflection at the surface help us
o select the AR layer. However, we don’t receive the information
bout the propagation and distribution of radiation underneath
he ARC and PhC. The quantitative information is obtained by cal-

ulating and analysing energy flow and field distribution inside
he studied structures, which is done in the following chap-
er.
Fig. 8. Absorption as a function of wavelength for PhC made of PMMA and Al2O3,
deposited on the top of the Si substrate.

2.5. Optical energy distribution

In this chapter, we  present the result of the calculation of
the electromagnetic energy distribution within the optoelectronic
structure. The energy is calculated as the Poynting vector [47]
distribution within the substrate. The Poynting vector has been
calculated for 700 nm wavelength. For this wavelength, both opto-
electronic materials absorb the light. Moreover, this is the centre
wavelength of the analyse spectrum.

For the analyzis we have selected the region where for a p-
n junction of optoelectronic devices are usually located [31]. The
Poynting vector gives us information both about the distribution
and direction of the energy flow. The results of the Poynting vectors
analysis are presented as the cross sections (Fig. 2) of the optoelec-
tronic structure. The Poynting vector is calculated only for radiation
inside the optoelectronic structure. All of the obtained results were
presented on the figures in the range of coloured scale from 0 to
3 mW

m2 .
We show the way  of analysis of the influence of the PhCs and

traditional ARCs on the transmitted light inside the devices. There-
fore, the Poynting vectors are not presented and calculated inside
the PhCs and ARCs.

Figures 9 and 10 show Poynting vectors inside the optoelec-
tronic device for PhC made of Al2O3 and PMMA deposited on the
top of the GaAs structure. The difference between power density to
PhCs from other materials is of approximately 0.3 mW

m2 for the begin-
ning of the optoelectronic structure. This value has been read from
data on the centre of Poynting vectors F and G. Moreover, approx-

imately the same value is for the same point of Poynting vector,
but for different ARCs for the same substrate (e.g., Poynting vector
F from Figs. 9 and 10).
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Fig. 9. Poynting vectors (control by YZ-plane monitors marked A to L in Fig.2) as the electromagnetic field distribution (is symmetric, the results from A–F to G–L YZ-plane
monitors are identical, so we  presented only half of monitors) at 700 nm wavelength, inside the GaAs substrate after passes through the PhC made of aluminium oxide,
deposited on the top of the structure.
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ig. 10. Poynting vectors (control by YZ-plane monitors marked A to L in Fig.2) as t
onitors are identical, so we presented only half of monitors) at 700 nm waveleng

he  top of the structure.

More of radiation reach the inside of the GaAs structure for a
hC made of aluminium oxide.

Compared to classical ARC, PhCs have an additional property to
eflect radiation like diffraction grating. That property is important
o thin-film photonic devices [7]. Forasmuch, the optical path is
onger and the wavelengths have more chance to be absorbed by
he optoelectronic device.

The FDTD method summarizes all of the wave optics effect.
herefore, the origin of the energy field distribution is a group of
esults: resonances in subsequent cylinders, diffraction and other
ave optics effect.

In Figs. 9 and 10 this property is observed as the perturbation of
ower flow on the different depth of the optoelectronic structures.

n the case of PhC made of Al2O3 the perturbation of power flow is
epth than for PhC made of PMMA.  Moreover, analysing the data
rom Figs. 9 and 10, PhC made of Al2O3 deflect the radiation more
han PhC made of PMMA.

Figures 11 and 12 show Poynting vectors for PhC made of Al2O3
nd PMMA  deposited on top of the Si structure.

Analysing the data from Figs. 11 and 12 we see that both PhCs
eflect radiation in a similar way. However the difference between
ower density for this PhC from different materials is of approxi-
ately 0.3 mW

m2 . That difference in the value of power density, less
eflection and better transmission of radiation show that for the Si
ubstrate, PhC made of Al2O3 is better.

To verify optical properties of PhCs we have compared them
ith one-layer antireflection coatings from the same materials and

hickness as the considered PhCs.

Figure 13 shows Poynting vectors inside the GaAs substrate for

n uncoated sample of gallium arsenide and ARCs from different
aterials.
ctromagnetic field distribution (is symmetric, the results from A–F to G–L  YZ-plane
ide the GaAs substrate after passes through the PhC made of PMMA,  deposited on

Looking at Poynting vectors inside the GaAs substrate for an
uncoated sample of GaAs and for ARC deposited on the top of the
structure, we  see that power fades exponentially inside the struc-
ture.

There is no power change for the Z direction, which means that
the light wasn’t deflected. The values of power density show that
ARC made of Al2O3 allows for more radiation inside the structure
than ARC made of PMMA.  The difference between that ARCs is of
approximately 0.25 mW

m2 . The difference is less than that between
PhCs from different materials.

Figure 14 shows Poynting vectors inside the Si substrate for an
uncoated sample of silicon and ARCs made of different materials,
deposited on the top of the silicon structure.

Analysing Poynting vectors inside the Si substrate for an
uncoated sample of Si and ARCs, deposited on the top of Si structure,
shows that power decays inside the structure. There is no decay for
the Z direction, which means that the light is not deflected. The val-
ues of power density show that ARC from Al2O3 introduces more
radiation to the structure than ARC from PMMA. The difference
between those ARCs is of approximately 0.3 mW

m2 . The difference
is bigger than for PhCs made of different materials and materials
deposited on the Si substrate.

The Poynting vectors provide information about the electro-
magnetic field distribution inside the substrates. However, the
Poynting vectors present the results only for the single wavelength.
For this reason, we  introduce the optical generation as the param-
eter which is took into account the materials properties and their
impact on the whole analysed spectrum.
However, it is not related to the properties of the material used.
For this reason, we  have calculated the optical generation parame-
ter which facilitate the design process of optoelectronic devices.
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Fig. 11. Poynting vectors (control by YZ-plane monitors marked A to L in Fig.2) as electromagnetic field distribution (is symmetric, the results from A–F to G–L YZ-plane
monitors are identical, so we presented only half of monitors) at 700 nm wavelength, inside the Si substrate after passes through the PhC made of aluminium oxide, deposited
on  the top of the structure.

Fig. 12. Poynting vectors (control by YZ-plane monitors marked A to L in Fig.2) as electromagnetic field distribution (is symmetric, the results from A–F to G–L YZ-plane
monitors are identical, so we presented only half of monitors) at 700 nm wavelength, inside the Si substrate after passes through the PhC made of PMMA,  deposited on the
top  of the structure.

Fig. 13. Poynting vectors (control by YZ-plane monitors marked A to L in Fig. 2) as electromagnetic field distribution (is symmetric, the results from A–F to G–L  YZ-plane
monitors are identical, so we  presented only half of monitors) at 700 nm wavelength, inside the GaAs substrate after passes through ARCs deposited on the top of the structure
and  uncoated GaAs.

Fig. 14. Poynting vectors (control by YZ-plane monitors marked A to L in Fig. 2) as electromagnetic field distribution (is symmetric, the results from A–F to G–L  YZ-plane
monitors are identical, so we presented only half of monitors) at 700 nm wavelength, inside the Si substrate after passes through ARCs deposited on the top of the structure
and  uncoated Si.
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Fig. 15. Optical generation (calculated for YZ-plane monitors marked A to L in Fig. 2) in analysed spectrum (the results are symmetric from A–F to G–L YZ-plane monitors,
so  we presented only half of monitors), inside the GaAs substrate after passes through PhC made of aluminium oxide, deposited on the top of the structure.
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ig. 16. Optical generation (calculated for YZ-plane monitors marked A to L in Fig.
o  we presented only half of monitors), inside the GaAs substrate after passes throu

.6. Optical generation

The “optical generation” is the parameter calculated by the
umerical-FDTD software to characterize response of the mate-
ial to light. It represents the number of carriers generated inside
he illuminated structure. The calculations of the optical genera-
ion have been performed for the same monitors’ locations as the
alculation of Poynting vectors (Fig. 2). For clarity of comparison
f the results between different cases of substrates and antireflec-
ion coats, the optical generation functions were presented on a
ogarithmic scale:
(

Gopt

)
= log10Gopt, (3)

here:
Gopt is the the optical generation.
In the real case the values of the optical generations were

rom 1·1026 1
cm3 (on the scale 26.0 a.u.) to 1·1029 1

cm3 (on the scale
9.0 a.u.).

Figures 15 and 16 show optical generation for PhC made of Al2O3
nd PMMA  deposited on top of the gallium arsenide structure.

The origins of optical generation presented in Figs. 15 and 16 are
imilar to the origins of Poynting vectors showed in Figs. 9 and 10. In
omparison to the Poynting vectors, presented only for one wave-
ength (chapter 2.4), the optical generation included results for all
nalysed spectrum (AM 1.5). It confirms that, the minimums and
aximums of electromagnetic field distribution are the mapping

f generated carriers in the illuminated structure. It means, that
alculation of Poynting vector for only one wavelength is enough

o define the area with increased number of generated carriers in
he illuminated structures.

Figures 17 and 18 present optical generation for PhC made of
l2O3 and PMMA  deposited on top of the Si structure.
nalysed spectrum (the results are symmetric from A–F to G–L YZ-plane monitors,
C made of PMMA,  deposited on the top of the structure.

The origins of the optical generations, showed in Figs. 17 and 18,
conform the origins of Poynting vectors presented in Figs. 11 and 12.
The same relation of origins was observed also for the GaAs sub-
strate with PhC made of different materials.

Figure 19 shows optical generation inside the GaAs substrate for
an uncoated sample of gallium arsenide and ARCs from different
materials.

The exponential shape of function of optical generations, for
the GaAs substrate with ARCs deposited on top of structure and
uncoated GaAs, conform also the shape of function of Poynting
vectors (Fig. 13).

Figure 20 shows optical generation inside the Si substrate for an
uncoated sample of silicon and ARCs made of different materials,
deposited on the top of the silicon structure.

Analysing the data from Fig. 20, we noticed the same relation of
the origins and they conform with Poynting vectors (Fig. 14).

To receive the useful information in creating the optoelectronic
devices, the optical generations were summarized. The substrates
were divided in three areas: the top: from 2 to 1.5 �m, the centre:
from 1.5 to 0.5 �m and the bottom: from 0.5 to 0 �m.  In divided
areas, the optical generations were summarized and the results
were presented in Table 2. The percentages values were calcu-
lated in comparison to uncoated substrate with the same geometry
volume.

The data presented in Table 2 confirmed that the PhC allows to
generate six-eightfold more carriers than uncoated structure and
substrate with traditional ARC deposited on the top structure. The
three areas can help to define the position of the active region of

creating optoelectronic device according applied PhC or ARC from
PMMA  or Al2O3 deposited on the top of GaAs or Si substrate. The
material for ARC and PhC with high contrast of refractive index to
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Fig. 17. Optical generation (calculated for YZ-plane monitors marked A to L in Fig. 2) in analysed spectrum (the results are symmetric from A–F to G–L YZ-plane monitors,
so  we presented only half of monitors), inside the Si substrate after passes through PhC made of aluminium oxide, deposited on the top of the structure.

Fig. 18. Optical generation (calculated for YZ-plane monitors marked A to L in Fig. 2) in analysed spectrum (the results are symmetric from A–F to G–L YZ-plane monitors,
so  we presented only half of monitors), inside the Si substrate after passes through PhC made of PMMA, deposited on the top of the structure.

Fig. 19. Optical generation (calculated for YZ-plane monitors marked A to L in Fig. 2) in analysed spectrum (the results are symmetric from A–F to G–L YZ-plane monitors,
so  we presented only half of monitors), inside the GaAs substrate after passes through ARCs deposited on the top of the structure and uncoated GaAs.

Fig. 20. Optical generation (calculated for YZ-plane monitors marked A to L in Fig. 2) in the whole analysed spectrum (the results are symmetric from A–F to G–L YZ-plane
monitors, so we  presented only half of monitors), inside the Si substrate after passes through ARCs deposited on the top of the structure and uncoated Si.
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Table  2
The summary of the optical generation in three areas for different substrates, PhCs and ARCs.

Substrate Area
ARC PhC

PMMA  Al2O3 PMMA  Al2O3

[%]
[

1
cm3

]
[%]

[
1

cm3

]
[%]

[
1

cm3

]
[%]

[
1

cm3

]

GaAs
Top 114 1.6·1031 130 1.8·1031 656 9.1·1031 772 1.1·1032

Centre 122 4.9·1030 142 5.7·1030 646 2.6·1031 717 2.9·1031

Bottom 120 6.2·1029 141 7.3·1029 632 3.3·1030 687 3.6·1030

Si
Top 105 1.0·1031 117 

31 31 31

Centre 117 8.2·1030 130 

Bottom 122 2.6·1030 138 
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ig. 21. Parameters of solar cell for possibility PhC’s application [45], where: d is
he  thickness of the layer, p, n are types of doping.

ubstrate, introduce more radiation inside the structure and allow
o generate more carrier.

In the top area of both substrates for PMMA  ARC and PhC, we
oticed that less of carrier is generated in comparison to ARC and
hC from Al2O3. It confirms that the PMMA  material absorb the
igh-energy photons (300–350 nm wavelength, Fig. 8).

.7. Potential application

One of the possible applications for PhC in optoelectronics is the
RC for photovoltaics. Figure 21 shows an example of the solar cell
ade of gallium arsenide.
The structure presented in Fig. 21 was simulated with the same

et of parameters. The solar cell has been calculated with Lumerical
evice CT (Charge Transport). We  have calculated the parameters
f the solar cell from the standard’s setup of Lumerical software
48].

We have compared ARC and PhC again, this time from Al2O3’s
aterial. The reflectance is the same as in Fig. 3. Furthermore sim-

lar construction of the solar cell as an analyzing substrate from
aAs allows the definition of the influence of changing the power
ensity by PhC inside the device on the efficiency of the solar cell.

The deflected effect of PhC increase the efficiency of the solar
ell about 6,3% and it is approximately 1% more than for ARC [45].

. Conclusions and summary

The analysis of photonic crystals as an antireflection coating
how that PhC structures have similar parameters of reflectance
nd transmittance from traditional one-layer ARCs. In the visible
ange for both analysing substrates, the PhCs made of Al2O3 reduces
he reflection better than PhCs made by PMMA.  Moreover, the com-

arison of the introduction of power density inside the substrates
or PhCs made of different materials shows that PhCs made of Al2O3
eflect the radiation better than PhCs made of PMMA.  In both cases
f Si and GaAs substrates, the difference between the highest value
1.2·10 680 6.7·10 836 8.2·10
9.2·1030 682 4.8·1031 821 5.8·1031

3.0·1030 668 1.4·1031 777 1.7·1031

of introducing Poynting vector for PhCs was of 0.3 mW
m2 . It confirms

that the PhCs, made of material with higher value of refractive
index, work better as a new generation ARC.

The differences of the highest value of power density introduced
by ARCs and PhCs to the optoelectronic devices are similar for Si and
GaAs substrates. However, in Figs. 9 and 11 for PhCs made of Al2O3,
but deposited on the top of the different substrate, we see that the
radiations take similar shape inside the optoelectronic structure (it
is a consequence of wave optics), but the quantitatively depends on
parameters of substrates material. This quantitatively depends on
parameters of substrates material is noticeable in Figs. 13 and 14
as exponentially decays of radiation inside the substrates.

The origins of Poynting vector for only a single wavelength are
respondent to the origins of optical generation function. It means
that the calculation of Poynting vector for a single wavelength is
enough to get information about active area inside the substrate.

This conclusion has got confirmation in the potential application
of a new generation coating. The efficiency of the solar cell with
PhC as ARCs has approximately 1% more than the solar cell with
the traditional ARC.

For best results of the improvement of efficiency of optoelec-
tronic devices, the research of new generation of ARCs has to be
investigated.

In summary, we showed the complex optic analysis of a new
generation of the ACR. The PhC’s structures change the direction of
the radiation after passing of that layer. It is not observed on the
standard transmission, absorption and reflection characteristics.
That characteristics provide only quantitative information about
radiation reached the substrate. The complex optic analysis is by
Poynting vector inside the optoelectronic device. The energy flow
distribution allows helping with construction more effective opto-
electronic devices.
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