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Abstract—An electromagnetic wavelength-scale analysis of the
optical characteristics of multi-nanolayer photovoltaic (PV)
structures: without an antireflection coating, with an an-
tireflection coating on the top of the structure, and with
both the antireflection coating on the top and a broadband
non-periodic (chirped) distributed Bragg reflector (DBR) on
the bottom of the structure is performed. All the PV struc-
tures studied are based on a Si p-i-n type absorber sup-
ported by a metallic layer (Cu) and SiO, substrate. The top-to-
bottom electromagnetic analysis is performed numerically by
the method of single expression (MSE). Absorbing and reflect-
ing characteristics of the multi-nanolayer PV structures are
obtained. The influence of the thicknesses and permittivities
of the layers of the PV structures on the absorbing character-
istics of the structures is analyzed to reveal favourable conf-
igurations for enhancement of their absorption efficiency. The
localizations of the electric component of the optical field and
the power flow distribution within all the PV structures con-
sidered are obtained to confirm an enhancement of the ab-
sorption efficiency in the favorable configuration. The results
of the electromagnetic wavelength-scale analysis undertaken
will have scientific and practical importance for optimizing
the operation of thin-film multi-nanolayer PV structures incor-
porating a chirped DBR reflector with regards to enhancing
their efficiency.

Keywords—antireflection coating, chirped distributed Bragg re-
flector, electromagnetic modeling, method of single expression,
multi-nanolayer photovoltaic structure, photovoltaics.

1. Introduction

Today’s photovoltaic (PV) technology is one of the most
attractive, scalable and mature renewable energy sources.
PV technology has gained great scientific and practical in-
terest since the end of the 19-th century and now is proven
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as the cleanest and safest of all energy technologies. Due to
growing demand for renewable energy sources, the manu-
facturing of solar cells and photovoltaic arrays has advanced
considerably in recent years [1]-[5].

Photovoltaics are based on the photovoltaic effect by which
solar energy is converted directly into electrical energy by
photovoltaic or solar cells. The conversion efficiency of
a PV cell depends on the probability of absorption of an
incident photon, generating an electron-hole pair, which can
contribute to the external electric current.

Though today’s PVs technology is well developed, and has
been extensively exploited for household and industrial ap-
plications, there is still a need to enhance the PV efficiency
over a wider spectral range, whilst using a cheap material
base and a low cost technology for the mass production of
durable PV devices.

Materials used for the first generation of PV cells included
monocrystalline and polycrystalline silicon, for the second
generation of PV cells cadmium telluride, copper indium
gallium selenide/sulfide, and thin films from amorphous sil-
icon were used. The third generation of PV cells uses differ-
ent organic polymers, perovskite crystals, monocrystalline
and polycrystalline graphene, quantum dots, and multilay-
ers of different semiconductor materials.

Nowadays PV cells are thin-film cells with absorbing layer
thicknesses that are of the same order or smaller than the
operating wavelength [5], [6]. Thin films essentially re-
duce the amount of semiconductor material required for
each PV cell compared to bulk PV cells and hence lower
the cost of production [2], [7]. The probability of pho-
ton absorption increases with an increased thickness of
the absorbing layer [8]. However, enhancement of the re-
combination probability decreases the probability of con-
version of absorbed photons into electrical current as the
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active layer thickness increases. For better light harvesting
in PV cells different multilayer optical structures are used.
Generally, they consist of an absorbing layer covered from
top and bottom, correspondingly by transparent and reflect-
ing metal electrodes. Some structures have an antireflec-
tion coating above the top transparent electrode to reduce
reflection losses in the PV cell [9], [10]. Antireflection
coatings can improve the absorption efficiency when the
thickness of an absorbing layer much greater than the op-
erating wavelength. When the thickness of the absorbing
layer is comparable to or smaller than the operating wave-
length high-reflectivity dielectric mirrors are used to en-
hance the absorption over a narrow spectral and angular
range. The dielectric mirrors are usually high reflectiv-
ity distributed Bragg reflectors (DBRs) [11]-[13]. DBRs
should exhibit a high reflectivity in the spectral range where
the absorption of the PV cell is weak to enhance absorp-
tion, and a low reflectivity where the absorption of the
PV cell is strong. DBRs made as non-periodic dielectric
stacks, where the thicknesses of bilayers are monotonously
changed by some linear, quadratic, exponential or other law,
are called chirped DBRs. Absorption in thin-film PV cells
using chirped DBR mirrors can be enhanced over a wider
spectral range by providing higher efficiency in comparison
with those using conventional reflectors [7], [14]-[16]. By
tailoring the law of chirp, and the number and thickness of
bilayers in chirped DBRs, the efficiency of such PV cells
can essentially be enhanced.

It is important to note that for the analysis of a PV cell’s
efficiency enhancement there is a need to apply two dif-
ferent methodologies: the first is optical (electromagnetic)
modeling directed to light-matter interaction analysis and
the second is an analysis of the physics of semiconductors
and semiconductor junctions. The optical analysis is the
less investigated topic for thin-film nano-scale PV struc-
tures. Semiconductor junction physics has been intensively
analyzed and is a well-established area. There is a need
for detailed optical simulations to understand and further
optimize the beneficial effects of the PV cells [15].

The present paper is devoted to the wavelength-scale
numerical analysis, by the method of single expression
(MSE) [13], [17]-[21], of the optical characteristics of
multi-nanolayer PV structures:

e without an antireflection coating,

e with an antireflection coating on the top of the struc-
ture,

e with both an antireflection coating on the top and
chirped DBRs on the bottom of the structure.

The influence of layer thicknesses and permittivities on
the optical characteristics of multi-nanolayer PV cells is
analyzed by observing the localization of the electric com-
ponent of the optical field and the power flow density
distribution within the structures. The numerical model-
ing reveals an optimal PV structure for efficient light ab-
sorption.
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2. Modeling Method

The modeling has been performed by the method of single
expression (MSE) which is a convenient and correct tool
for wavelength-scale analysis of multilayer and modulated
structures comprising dielectric, semiconductor or metallic
layers in the presence of loss, gain or (Kerr-type) nonlin-
earity [13], [17]-[21].

Here the backbone of the MSE for wave normal incidence
on a non-magnetic multilayer structure is presented. From
Maxwell’s equations in 1D case the following Helmholtz
equation can be obtained for linearly polarized complex
electric field component E,(z):

dQEx(z)
dz?

where kg = 2 is the free space propagation constant,
€(z) = €(z) +i€"(z) is the complex relative permittivity
of a medium. The essence of the MSE is the presentation
of a general solution of Helmholtz equation for the elec-
tric field component E,(z) in the special form of a single
expression:

+k3é(2)Ex(z) = 0, (1)

Ez) =U(z) e 0 (2)

instead of the traditional presentation as a sum of counter-
propagating waves. Here U(z) and S(z) are real quanti-
ties describing the resulting electric field amplitude and
phase, respectively. A time dependence of ¢/® is assumed,
but suppressed, throughout the analysis. A solution in the
form (2) prevails upon the traditional approach of counter-
propagating waves and is more general because it does
not rely on the superposition principle. This form of so-
lution describes all possible distributions in space of elec-
tric field amplitude, corresponding to propagating, stand-
ing or evanescent waves. It means that no preliminary as-
sumptions concerning the solution of the Helmholtz equa-
tion in different media are needed in the MSE. This gives
advantages in allowing investigation of the interaction of
a wave with any longitudinally non-uniform linear and in-
tensity dependent non-linear media with the same ease and
exactness.

Based on expression (2) the Helmholtz equation (1) is re-
formulated to the set of first order differential equations
regarding the electric field amplitude U(z), its spatial
derivative Y(z) and a quantity P(z) proportional to the
power flow density (Poynting vector) in a medium:

dU(z)
d(koz) Y()
2
;Zl(l;q()zz)) - 53((?) —€(2)-U(2) » 3)
legcizz)) =€"(2)-U()

where P(z) = U?%(2) () An actual value of Poynting

d(koz) "
vector can be obtained by multiplication of P(z) by %, / %,

where & and Ly are free space permittivity and permeabil-
ity, respectively. Hereafter this multiplier is suppressed.
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The sign of €'(z) can be taken either positive or negative
describing relevant electromagnetic features of dielectric
or metal (plasma), correspondingly. The sign of €”(z) in-
dicates loss or gain in a medium.

The set of differential equations (3) is integrated numeri-
cally starting from the non-illuminated side of a multilayer
structure, where only one outgoing traveling wave is sup-
posed. Initial values for the integration are obtained from
the boundary conditions of electrodynamics at the non-
illuminated side of the structure (at z=L): U(L) = E,,
Y(L) =0 and P(L) = \/&E% = P,, where P,, is propor-
tional to the Poynting vector in the medium beyond the
structure (at z > L) of relative permittivity &, and E;, is
the amplitude of the transmitted wave.

Numerical integration of the set (3) goes step by step to-
wards the illuminated side of the structure taking into ac-
count the actual value of the structure’s relative permittivity
for the given coordinate at each step of the integration. In
the process of integration it is possible to record any vari-
able of the set (3) in order to have full information regarding
distributions of electric field amplitude, its derivative and
power flow density inside and outside of a structure. At the
borders between the layers constituting a multilayer struc-
ture, the ordinary boundary conditions of electrodynamics
bring continuity of U(z), Y(z) and P(z). From the bound-
ary conditions of electrodynamics at the illuminated side
of the structure the amplitude of incident wave Ej,.

U?(0)- /& + P(0) +iU(0) - Y(0)

Eipe = 4
mc ‘ 2U(O) A \/8_1 ‘ ) ( )
and the power reflection coefficient R
g | B [f U200 VE-PO) - U(0)- YO o
Eine U%(0)- /& +P0)+iU(0)-Y(0)| ’

are restored at the end of the calculation. Here U(0) is
the resultant amplitude of the electromagnetic wave, Y (0)
is its derivative and P(0) is proportional to the power flow
density at the illuminated interface of the structure at z =0,
E, is the amplitude of the reflected wave, g is the rela-
tive permittivity of the medium in front of the structure, at
z < 0, and in the considered case is air & = 1. In accordance
with the energy conservation law P(0) = P, — Py.r, where
Piye = \/€ - E2, is proportional to the incident power flow
density and P.r = |/ - Erzef is proportional to the reflected
power flow density. The power transmission coeflicient
T — P _ JEE;

Pne ™ VEEg,
ted power flow density P, to the incident one Pj,.

is defined as the ratio of the transmit-

3. Numerical Analysis of
Multi-Nanolayer Photovoltaic
Structures

In the current paper the PV structures of the following con-
figurations: a) without antireflection coating, b) with an
antireflection coating on the top of the PV structure, and
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¢) both the antireflection coating on the top and a broadband
non-periodic (chirped) distributed Bragg reflector (DBR)
on the bottom of the PV structure, are considered. All
PV structures are based on a Si p-i-n type absorber and
supported by a metallic mirror (Cu) and SiO; substrate.
The results of a preliminary analysis of the thin-film multi-
nanolayer PV structure with chirped DBR on the top of the
structure was presented at ICTON 2016 [22].

Chirped DBR mirrors should possess broadband reflective
features in the range of 350-750 nm in the vicinity of the
central wavelength of 550 nm of the sun’s maximal radia-
tion.

The consideration and analysis of the PV structures is aim-
ing to reveal an optimal structure for efficient absorption
of incident light in the specific region of the PV structure,
namely in the “i” region of the p-i-n junction, where gen-
eration of electron-hole pairs is favorable.

L |

Si n-type
Si i-type
Si p-type

SiO, substrate

! L

Antireflection coating

Si n-type
Si i-type
Si p-type

SiO, substrate

; bl

Antireflection coating

Si n-type
Si i-type
Si p-type
; 1 Chirped
J DBR

SiO, substrate

Fig. 1. Schematic representations of the PV structures: (a) with-
out antireflection coating, (b) with an antireflection coating on
the top of the PV structure, and (c) with both the antireflection
coating on the top and a chirped DBR on the bottom of the PV
structure.
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The schematic representations of the considered PV struc-
tures are shown in Figs. la—1c, respectively.

In the structures considered the thickness of the substrate of
relative permittivity €s;0, = 2.1313 is taken to be Lgio, =
100 pum. The thickness of the metallic layer, of relative
permittivity &, = ¢, —¢€,, = —6.12—i4.48 at the central
wavelength of A9 = 550 nm, is taken as L, = 0.6 um.
Dispersive properties of Cu in the range of wavelengths
350-750 nm are taken into account [23]. Dispersion of
other materials of the structure are not taken into account.
The p-i-n absorbing region made of silicon (Si) has the
following parameters: p-type and n-type layers of relative
permittivity &, = €, = 15 have thicknesses L, = 1.45 mum
and L, = 0.255 um, respectively. The i-type layer of rela-
tive permittivity & = € —ig/’ = 15.5—1i0.3 has a thickness
of L; =1 um.

The antireflection coating made of TiO, of relative permit-
tivity €04 = 5 has the thickness L.ys; = 61.5 nm.

Chirped DBRs made of TiO, are composed of 7 bilayers of
slightly different high ey_r1;0, =5 and low & _71j0, = 3.5
relative permittivities. The permittivity of a material can
be lowered by introducing porosity, provided that the pore
sizes are much smaller than the electromagnetic wave-
lengths of interest [24]. The thicknesses of the layers of
high and low permittivities decrease gradually towards
the illuminated side of the structure to provide a chirp
law for the DBR. The thicknesses of the layers of low
permittivity are as follows (starting from the bottom of
the structure): Lpi_ri0, = 108 nm, L;>_7;0, = 1038 nm,
LL37Ti02 =97 nm, LL47Ti02 =91 nm, LL57Ti02 =385 nm,
LLéfTiOQ =179 nm, LL77Ti02 =73 nm.

The thicknesses of the layers of high permittivity are
as follows (starting from the bottom of the structure):
Lu1-ti0, =91 nm, Ly _T1i0, = 86 nm, Ly3_ri0, = 81 nm,
Lys-rio, =76 nm, Lys_ri0, =71 nm, Lye—ri0, = 66 nm,
LH77T1'02 =61 nm.

The results of modeling of the PV structures considered are
presented below successively in following subsections.

3.1. The Modeling of the PV Structure without an
Antireflection Coating

The reflection spectrum of the PV structure without an an-
tireflection coating (Fig. 1a) with the above-mentioned pa-
rameters is presented in Fig. 2 for the range of the incident
wavelengths A9 = 350-750 nm.

As it follows from Fig. 2 the reflection spectrum of the
PV structure without antireflection coating has an oscillat-
ing character with maxima and minima at specific wave-
lengths. The oscillations of the reflectance in the con-
sidered frequency range are stipulated by an optical wave
resonant interaction with the wavelength-scaled multilayer
dielectric-semiconductor-metal structure.

In order to understand which part of the incident light is
absorbed in the i absorbing layer of p-i-n region contribut-
ing to the PV effect it is useful to analyse the distributions
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Fig. 2. The reflection spectrum of the PV structure without

antireflection coating (presented in Fig. 1a).

of the electric component of optical field and the power
flow density within and outside of the structure. The per-
mittivity profile of the PV structure without antireflection
coating and the distributions of the electric component of
the optical field and the power flow density within and out-
side of the structure at the central wavelength Ay = 550 nm,
corresponding to the sun’s maximal radiation, are presented
in Fig. 3.

Z [pm]

Fig. 3. The relative permittivity profile & of the PV structure
without antireflection coating (presented in Fig. 1a) and the dis-
tributions of electric field amplitude £ and power flow density P
within and outside of the structure at the wavelength Ay = 550 nm,
Py =25 a.u., the reflectance R = 0.366.

As can be seen from Fig. 3, electric field amplitude has an
oscillating character in the p-i-n region and forms a stand-
ing wave pattern in the front of the structure (at z < 0)
due to some reflection from it. A decrease of power flow
density in the i absorbing layer of AP, ; , =12.5135 a.u.
is observed, indicating an absorption rate % ~ 0.5
(about 50%) of the incident light (Ppe = 25 a.u.) con-
tributing to the PV effect. Outside of the absorbing region
the power flow density is constant except for some decay
within the metallic layer (AP, = 3.3485 a.u.). The absorp-
tion rate 222 ~ 0.134 in the metal is about 13.4%. Thus,
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essential absorption of the incident energy takes place in
the “1” absorbing layer of the structure. The rest of the
incident energy, 36.6%, relates to the reflectance from the
structure.

3.2. The Modeling of the PV Structure with an
Antireflection Coating on the Top of the Structure

The reflection spectrum of the PV structure with the antire-
flection coating on the top of the structure (Fig. 1b) with
above-mentioned parameters is presented in Fig. 4 for the
range of incident wavelengths A9 = 350-750 nm.

057

il ﬂ

0.3
=4
0.2

0.1F

0 " A . .
0.4 0.5 0.6 0.7

Ao [nm]

Fig. 4. The reflection spectrum of the PV structure with the
antireflection coating on the top of the structure (presented in
Fig. 1b).

It follows from Fig. 4 that the reflection spectrum of the PV
structure with the antireflection coating also has an oscillat-
ing character, however the average value of the reflectance
oscillations has a minimum around Ay = 500 nm.

As with the previous structure it is useful to analyse the
distributions of the electric component of the optical field
and the power flow density within the considered struc-
ture. The permittivity profile of the PV structure with the

251

/P

Z[um]

Fig. 5. The relative permittivity profile & of the PV structure
with antireflection coating on the top of the structure (presented
in Fig. 1b) and the distributions of electric field amplitude £
and power flow density P within the structure at the wavelength
Ao = 550 nm, P, =25 a.u., the reflectance R = 0.14.
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antireflection coating on the top of the structure and the
distributions of electric component of optical field and
power flow density within the structure at the central wave-
length A9 = 550 nm of the sun’s maximal radiation are
presented in Fig. 5.

As can be seen from Fig. 5, the electric field ampli-
tude has an oscillating character in the p-i-n region and
forms a standing wave pattern in front of the structure (at
z < 0) due to some reflection from the structure. A de-
crease of power flow density in the “i” absorbing layer

AP, i , = 16.97 a.u. is observed, indicating an absorption

rate % ~0.679 (about 68%) of the incident light (P, =

25 a.u.l)mcontributing to the PV effect. Outside of this re-
gion the power flow density is constant except for some
decay within the metallic layer (AP, = 4.541 a.u.). The
absorption rate % =~ (0.182 nm in the metal is about 18%.
Thus, essential absorption of incident energy takes place
in the “i” absorbing layer of the structure. The rest of the
incident energy, 14%, relates to the reflectance from the
structure.

3.3. The Modeling of the PV Structure with an
Antireflection Coating on the Top and a Chirped
DBR on the Bottom of the Structure

The reflectance of the PV structure with the antireflection
coating on the top and the chirped DBR on the bottom of
the PV structure (Fig. 1c) with above-mentioned parameters
is presented in Fig. 6 for the range of incident wavelengths
Ao = 350-750 nm.

0.5

0.4

03]

=~

0.2

0.1

0 L .
0.4 0.5 0.6 0.7
Ao [pm]

Fig. 6. The reflection spectrum of the PV structure with the
antireflection coating on the top and the chirped DBR on the
bottom of the structure (presented in Fig. 1c).

It follows from Fig. 6 that the reflection spectrum of the
PV structure with the antireflection coating on the top and
the chirped DBR on the bottom of the structure also has an
oscillating character with maxima and minima at specific
wavelengths. However, the average value of the reflectance
oscillations has a minimum around Ay = 550 nm.

As with the previous structures it is useful to analyse the
distributions of the electric component of the optical field
and the power flow density within and outside of the struc-
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ture considered. The relative permittivity profile of the PV
structure with the antireflection coating on the top and the
chirped DBR on the bottom of the structure, and the dis-
tributions of the electric component of the optical field and
the power flow density within the structure, are presented
in Fig. 7 for the central wavelength A9 = 550 nm of the
sun’s maximal radiation.

Z[um]

Fig. 7. The relative permittivity profile &’ of the PV structure with
the antireflection coating on the top and the chirped DBR on the
bottom of the structure (presented in Fig. 1c) and the distributions
of electric field amplitude £ and power flow density P within
the structure at the wavelength Ay = 550 nm, Pj,,. =25 a.u., the
reflectance R = 0.056.

As can be seen from Fig. 7, the electric field ampli-
tude has an oscillating character in the p-i-n region and
forms a standing wave pattern in front of the structure
(at z < 0) due to some reflection from the structure.
A strong decrease of power flow density in the “i” ab-
sorbing layer AP, ; , = 20.52 a.u. is observed, indicating

an absorption rate% ~ 0.8208 (about 82.1%) of in-
cident light (P, = 25 a.u.) contributing to the PV ef-
fect. Outside of this region the power flow density is con-
stant except for the small decay within the metallic layer
(AP, = 3.08 a.u.). The absorption rate ?f"’ ~ 0.1232 in
the metal is about 12.3%. Thus, essentiallmabsorption of
incident energy takes place in the i absorbing layer of
the structure. The rest of the incident energy, 5.6%, re-
lates to the reflectance from the structure as can be seen
from Fig. 6.

The results of comparative analysis of the considered PV
structures are summarized and presented in Table 1.

Table 1
Example results of the new metric
P, AP, AP,
Structure described in | R = —< —r n
Pinc Pinc Pinc
3.1 ~ 0.366 ~0.5 ~0.134
32 ~0.14 ~0.679 ~(0.181
33 ~ 0.056 ~0.821 ~0.123
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It is evident that the structure with the antireflection coating
on the top and the broadband non-periodic (chirped) DBR
reflector on the bottom of the PV structure is favorable for
light absorption in the i region of the p-i-n structure.

4. Conclusions

An electromagnetic wavelength-scale numerical analysis of
the optical characteristics of thin-film multi-nanolayer PV
structures has been performed by the MSE. The following
configurations of the PV structures are considered: with-
out an antireflection coating, with an antireflection coat-
ing on the top of the structure, and with both the antire-
flection coating on the top and a broadband non-periodic
(chirped) distributed Bragg reflector (DBR) on the bottom
of the structure. All PV structures are based on a Si p-i-n
type absorber supported by a metallic layer (Cu) and SiO,
substrate.

The reflection spectra of all structures have an oscillating
character in the whole spectral range of Ay = 350-750 nm
nm with maxima and minima at specific wavelengths.
The oscillations in the frequency range considered are
stipulated by an optical wave resonant interaction with
the wavelength-scaled multilayer dielectric-semiconductor-
metal structures. At the fixed wavelength A9 = 550 nm
(the wavelength of the sun’s maximal radiation and the
central part of the spectrum considered) the distributions
of electric field amplitude and power flow density within
and outside of the structures are obtained. For all struc-
tures high absorption of incident light is observed in the
i-layer of the p-i-n junction. The highest absorption of in-
cident light takes place in the i-layer of the p-i-n junction
of the structure with the antireflection coating on the top
and the broadband non-periodic (chirped) DBR reflector on
the bottom of the PV structure while the lowest absorption
in the metallic layer is observed. Thus, this structure is fa-
vorable for strong absorption of the incident light that will
contribute to the PV effect.

Though the current analysis is performed for a plane wave
normal incidence on the PV structures, the MSE permits
the case of an oblique incidence of a plane wave to be
considered as well [25].
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