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The performances of thin film solar cells are considerably limited by the low light absorption. Plasmonic nanostructures have been
introduced in the thin film solar cells as a possible solution around this issue in recent years. Here, we propose a solar cell design,
in which an ultrathin Si film covered by a periodic array of Ag strips is placed on a metallic nanograting substrate. The simulation
results demonstrate that the designed structure gives rise to 170% light absorption enhancement over the full solar spectrum with
respect to the bared Si thin film. The excited multiple resonant modes, including optical waveguide modes within the Si layer,
localized surface plasmon resonance (LSPR) of Ag stripes, and surface plasmon polaritons (SPP) arising from the bottom grating,
and the coupling effect between LSPR and SPP modes through an optimization of the array periods are considered to contribute
to the significant absorption enhancement. This plasmonic solar cell design paves a promising way to increase light absorption for

thin film solar cell applications.

1. Introduction

The low conversion efficiencies and high production costs
have been the major difficulties facing photovoltaic technol-
ogy. For solar cells based on bulk crystalline silicon, around
40% of a solar cell module’s price comes from the silicon
(Si) materials and its processing costs. To reduce the costs,
thin film solar cells with an active layer thickness of about 1
to 2 um are desired. Thin film solar cells with the thickness
of material film smaller than the carrier diffusion length
can also reduce carrier recombination and improve car-
rier collection efficiency in bulk recombination-dominated
semiconductors. In addition, a significant reduction of the
active materials enables some scare semiconductor materials
such as Te and In to be used in a large scale. However, the
performance of all thin film solar cells is limited by the poor
light absorption due to the reduced absorber thickness. For
example, the indirect band gap semiconductor Si material
has poor absorption to near-band gap light, where the
absorption length is larger than 300 ym. Therefore, light

trapping schemes are essential for the design of ultrathin
solar cells with improved absorption.

In the past years, many light trapping techniques have
been investigated for solar cell applications. A typical
example is the use of micron-size pyramidal surface textures
[1]. However, such textures are not suitable for thin film
solar cells due to large texturing size with respect to the
film thickness. Recently, the concept of plasmonic solar cells,
that is, the combination of plasmonics and photovoltaic
fields, has been proposed to improve light absorption [2—
4]. Metallic nanostructures engineered within the solar cell
geometry enable concentrating and folding light into the
ultrathin active layer, and thereby increase light absorption.
For example, Au or Ag nanoparticles placed on the top
surface of solar cells can act as scattering elements to couple
light into the absorber layer through effectively increasing
the optical path length [5-8]. Over 30% enhancement
in photocurrent has been demonstrated experimentally in
a 1.25pum thick silicon-on-insulator by utilizing this
approach [8]. The dependences of incoupling efficiency on



nanoparticle shape and size have also been discussed in
detail [9]. Furthermore, the strong near fields resulting from
the LSPRs excitations of metallic strips on the top of the
active layer can effectively trap light into the absorber layer
and lead to an enhancement of about 43% in short circuit
currents [10]. More recently, a kind of novel thin film
solar cell design of introducing several metallic patterned
back contacts has been investigated widely [11-15]. These
patterned back contacts can couple the sunlight into SPP
mode propagating along the metal/semiconductor interface
and waveguide mode within the absorber layer, leading to
about 30% broadband absorption enhancement over the
solar spectrum when compared to the bared thin film cells
[11].

Since the excitation of plasmon resonances can capture
and trap the sunlight into the active layer and increase
absorption strength, multiple plasmon resonances are
desired for the thin film solar cell with superior performance.
Previous designs of plasmonic solar cells are mostly based
on placing one- or two-dimensional metallic nanoparticle
arrays on the top or buried inside the active layer [5-8, 16—
18], or introducing several metallic nanogratings, such as
the nanohole, hexagonal or triangular structures [12, 19, 20]
at the bottom of active layer as the patterned back contacts
for improving light absorption. The common disadvantages
associated with those efforts are that LSPR or SPP modes are
excited individually only by utilizing the metallic nanoparti-
cles or nanograting structures. In this work, we propose an
ultrathin solar cell design, which consists of a periodic array
of Ag strips on a silica-coated Si film supported by a metallic
grating substrate, as shown in Figure 1. This design not
only takes advantage of LSPR excited in metal strips on the
top, but also can couple sunlight to multiple SPP modes at
metal/semiconductor interface by the coupling of the bottom
nanograting. Furthermore, the coupling effects between the
LSPR and SPP modes can be achieved by tuning the array
periods for further increasing light absorption inside the
active layer. A remarkable absorption enhancement of about
170% with a broad period range is obtained over the full
solar spectrum when compared with the case of metallic
nanostructures absence (i.e., the bared thin film cells). Such
an absorption enhancement is much higher than those
reported previously for ultrathin Si solar cells based on
metal nanostructures placed on the top or at the bottom
[10, 11, 14, 16-20] where either LSPR modes or SPP modes
are excited alternatively. Additionally, the proposed design
with the ultrathin absorber layer can reduce the usage of
the active materials significantly and decrease the production
costs of solar cells. Moreover, the metallic stripes on the
top surface can also act as surface electrodes, eliminating
the involvement of common surface electrodes (e.g., ITO).
Finally, the fabrication of such metal-semiconductor-metal
nanograting structures is technically feasible by using some
advance nanofabrication methods [21, 22].

2. Structure Design and Simulation Method

The proposed structure with the defined structural param-
eters is illustrated in Figures 1(a) and 1(b), which consists
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from the top surface to the bottom of a periodic array
of Ag strips, a dielectric spacer layer of SiO,, an absorber
layer of Si, and an Ag nanograting substrate. The grooves of
nanogating are filled with SiO,. The dielectric spacer layer
can avoid the strong damping of LSPR in Ag stripes, which
is responsible for enhanced light absorption inside absorber
layer. Since a large spacer is very detrimental for high
near-fields enhancement inside the active layer, a suitable
thickness of 5nm was selected here. In all our calculations,
the thickness of Ag strips and the depth of nanograting are set
to t = s = 40 nm; the widths of the Ag strips and the grooves
in nanograting are chosen to be w = 50nm and g = 150 nm;
the thickness of Si layer and the height of Ag nanograting are
fixed at h; = 80nm and h, = 100 nm, and the period is set
to p = 300 nm, respectively.

Numerical electromagnetic simulations were performed
by the commercial finite element software of COMSOL
Multiphysics 3.5. The periodic boundaries were employed
to a unit cell for simulating an infinite array. Perfectly
matched layers (PML) were applied in the propagation
direction to eliminate the nonphysical reflections at domain
boundaries. The whole structure was illuminated from the
top surface at normal incidence with E-field along the metal
stripes (TE wave) or H-field along the metal stripes (TM
wave). The absorption inside the absorber layer for an
incidence monochrome plane wave with certain wavelength
was calculated by using

Absorption = ﬂ: S(7,1) - da, (1)

where S(7; 1) is the Poynting vector and s is the boundary of
the analyzed active layer [11].

The absorption enhancement function (ITI(1)) is defined
as the ratio of the absorption inside the absorber layer
combined with metal nanostructures to that without the
metal nanostructures. The absorption efficiency for the thin
film solar cell was obtained by calculating the ratio of light
absorption power inside the Si layer to the incident light
power. In our simulations, the absorber material is crystalline
silicon and the dispersive optical properties (refractive index,
absorption) of silver and crystalline silicon materials are
from the experimentally obtained data [23, 24]. The SiO;
permittivity is chosen to be 3.24 and the external dielectric
environment is considered to be air. In addition, to match
the solar spectrum to Si absorption, a wavelength range from
400 nm to 1000 nm was considered.

3. Results and Discussions

3.1. Excitations of Multiple Absorption Enhancement Bands.
Figures 2(a) and 2(b) show the absorption efficiency spec-
tra for the thin film solar cells with and without metal
nanostructures, respectively. For the case of the bared Si
film (Figure 2(a)), two absorption peaks are exhibited in
the considered spectrum range. The enhanced magnetic
fields inside the Si layer associated with the two absorption
resonances reveal them originating from the Fabry-Periot
(FP) cavity resonance [25], as the insets shown in Figure 2(a).
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FIGURE 1: (a) Schematic diagram of the proposed thin film Si solar cell structure. (b) Side view of the unit cell, where the structural parameters

are defined.

The FP resonance occurs generally when both the layer
thickness and the incidence wavelengths satisfy the resonance
condition, and thereby are sensitively dependent on the
thickness of the Si layer. As the layer thickness increases, the
FP cavity resonances shift to red and its higher-order modes
will appear at the short wavelengths. When combining the
Si film with the metal nanostructures, multiple absorption
peaks appear in the absorption spectrum (Figure 2(b)). For
comparison, the absorption enhancement spectrum (IT(1))
is also calculated as shown in the insets of Figure 2(b). It can
be seen clearly that the introduction of metal structures leads
to multiple strong enhanced absorption bands. Furthermore,
it is also indicated that generating the large absorption
enhancements at the longer wavelengths where the Si film
is weakly absorbing is relatively easy compared to the short
wavelengths where the Si film exhibits strong absorption.

3.2. Absorption Enhancement Mechanisms. To explore the
mechanisms of absorption enhancement and improve the
light absorption capability of the proposed structure for
solar cell applications, the absorption enhancement map
(TI(A)) versus the period of unit cells and the normalized
magnetic field distributions (|H,/Hy|) across the Si layer
at the wavelengths of the absorption enhancement peaks
are investigated, as shown in Figures 3 and 4, respectively.
Inside those maps of Figure 3, each point represents the full-
field simulation result with the corresponding wavelengths
and periods. The field distributions (|H,/Hy|) in Figure 4
correspond to illuminations with TM polarized plane wave
(H-field along the metal strips and E-field in this plane
normal to the metal stripes). Four possible enhancement
mechanisms, including the slab waveguide modes, the high
near field enhancement associated with LSPR modes of metal
strips, and the SPP modes at the metal/silicon interface as

well as the coupling effects between LSPR and SPP modes
will be discussed in detail in the following.

Figure 3(a) shows that the proposed structure exhibits
multiple strong absorption enhancement bands at different
values of periods. For the structure with a period of 320 nm
(as the vertical white dashed line shown in Figure 3(a)),
three obvious absorption enhancement peaks are observed,
which are marked as “a” “b,” and “c” in the map and the
corresponding field distributions (|H,/Hy|) are plotted in
Figures 4(a), 4(b), and 4(c), respectively. In Figure 3(a), the
wavelength of the absorption peak “a” is always located
around 550 nm when the period changes (the horizontal red
dashed line). Moreover, the corresponding magnetic field
distributions in Figure 4(a) exhibit a modal profile of the
slab waveguide modes of finite thickness planar dielectric
films, which have been given in various situations including
with and without the metal back contacts [12, 26]. The
wavelength of the slab waveguide mode depends on the
absorber thickness. The induced electromagnetic fields for
the slab waveguide mode are mostly confined inside the
absorber layer and decay sharply into the surrounding air or
metal slab, contributing to the absorption enhancement.

In Figure 3(a), the absorption enhancement peak “b”
is always located around 700 nm (the black dashed line)
while the absorption enhancement peak “c” depends quite
sensitively on the array periods (the green dashed line
of “27), suggesting different physical origins of the two
absorption enhancement bands. Since the peak “b” does not
shift with changing the periods and the corresponding field
distributions in Figure 4(b) carry a clear feature of localized
surface plasmon mode with the enhanced magnetic fields
still confined in the Si layer but mostly surrounding the
metal strips, it can be attributed to LSPR mode of the metal
strips. The resonant wavelength of the LSPR mode depends
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FIGURE 2: (a) Absorption spectrum of the bared Si film. The insets show the normalized stimulated magnetic field distributions (|1H,/H,|)
at wavelengths of 420 nm and 600 nm, respectively. (b) Absorption spectrum for the proposed solar cell structure under TM polarized plane
wave incidences. The absorption enhancement spectrum (IT(1)) is shown in the insets.
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FIGURE 3: Map of the absorption enhancement (IT(1)) spectra for the proposed structure with 80 nm thick Si layer versus the periods of unit
cell under (a) TM and (b) TE polarized plane wave incidence, respectively.

sensitively on the structural parameters of metal strips. The
width w and thickness ¢ of metal strips have been carefully
chosen through optimization because small nanoparticles
scatter very weakly, whereas large nanoparticles behave like
a mirror to reflect a large fraction of incident light back
into free space and are not beneficial for light absorption
inside the absorber layer. The peak “c” shifts to red with
increasing the periods and the changing trend (the green
dashed line of “2”) presents a dispersive behavior of a
SPP mode propagating at the metal/semiconductor interface
according to the grating coupling theory [27, 28]. Moreover,
the corresponding field distribution in Figure 4(c) exhibits
the characteristic of surface wave with the maximum field
intensity near the metal/silicon interface but decay quickly

« _»

apart from the interface. Thus, the peak “c” can be attributed
to SPP mode excited by the bottom grating. Since the
attenuation rate of the field intensity in the metal is much
larger than that in the silicon layer due to higher loss of metal
materials, the view of coupled light energies mostly confined
into the semiconductor layer give a suggestion of absorption
enhancement mechanism.

Figure 3(a) shows that as the period is increased from
the initial value of 200 nm, the wavelength of the SPP mode
redshifts to approach that of the LSPR mode and a behavior
of anticrossing is observed around p = 280 nm, suggesting a
strong interaction of the localized and propagating surface
plasmons [29, 30]. The absorption enhancement bands of
LSPR and SPP modes become stronger and broader in



Advances in OptoElectronics

(S w > w (o)) ~ o] =}
|H,|/|Ho|

—

(a) A =550nm

[ (o)) [er)
|H, /| Ho|

[\S]

16
14
12
10
0

(b) A = 700nm

25
20

15

=

>~

>

10 E
5
0

(c) A =760 nm

FiGURE 4: The normalized magnetic field distribution (|H,/Hy|) in the cross-section for TM polarized plane wave incidence at the

wavelengths of (a) 545 nm, (b) 670 nm, and (c) 760 nm, corresponding to the three absorption enhancement peaks “a,” “b,

in Figure 2(b), respectively.

the regions of coupling and light absorption is increased
further by coupling effects. When the period continues to
increase, multiple absorption enhancement bands appear
and the anticrossing behavior is observed when the wave-
lengths of these absorption peaks overlap with that of
LSPR mode. The changing trend of other three enhanced
absorption bands with the periods are highlighted by the
green dashed lines of “1,” “3” and “4,” respectively, which
present a similar dispersive behavior as that of the SPP
mode marked by “2,” implying a SPP-related absorption
enhancement mechanism. Obviously, as the period increases,
the SPP mode redshifts and more higher-order SPP modes
appear, leading to multiple absorption enhancement bands
at longer wavelengths.

Unlike TM polarizations, the SPP and LSPR modes are
absent under TE plane wave incidence (E-field along the
metal strips and H-field in this plane normal to the metal
strips). Only the enhanced absorption related to the TE

«_»«p »

and “c” displayed

waveguide modes are observed in Figure 4(b), where the two
enhanced absorption bands marked as the black dashed line
of “17 and “2” are expected to attribute to the TE;, and
TE; waveguide modes. It can be seen that the absorption
enhancement factor related to the TE waveguide modes is
very high, but the width of absorption enhancement bands
is very narrow. As the period become large, the absorption
enhancement increases and some higher-order modes of
TE, waveguide appear (the red dashed line), contributing
to the overall absorption enhancement under TE plane wave
incidence.

3.3. Total Absorption Enhancement under the Solar Illumi-
nations. To perform a full evaluation on the performance
of the proposed design, the total absorption enhancement
under solar illuminations must be considered. Generally,
the short circuit current in a solar cell is proportional to
the number of absorbed photons if assuming unity internal
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FIGURE 5: (a) Photon number spectrum of the AM1.5 solar irradiations (AM(A)). (b) Absorption efficiency spectrum (A(A)). (c) Absorbed
photon number spectrum (APNS). (d) Total enhancement of absorbed photon number (TEAPN) inside the Si layer over the entire solar
spectrum versus the different array periods. The subscripts “TE” and “TM” in (a) and (b) represent different polarizations for the proposed
solar cells with a period of 550 nm. The subscript “B” corresponds to the bared Si film with a thickness of 80 nm.

quantum efficiency (every photoexcited electron-hole pair
is collected). Therefore, the total absorption enhancement
must be evaluated based on the number of photons being
absorbed. Figure 5(a) presents the photon number spectrum
of the standard AMI1.5 solar irradiation (AM(A)). The
absorbed photon number spectrum (APNS) inside the active
layer under solar illuminations can be obtained by using the
following equation [31]:

APNS(A) = A(A) x AM(Q), (2)

where the absorption efficiency spectrum A(A) represents the
absorbed power inside the Si layer with unity incident light
power, as shown in Figure 5(b) for TM or TE polarized light
incidence. Figure 5(c) displays the APNS for the proposed
solar cells at two polarizations and that for an 80 nm thick
bared Si film, respectively. Compared to the bared Si film,
the introduction of metal structures in thin film solar cells
leads to an obvious increase of the absorbed photon numbers
inside the Si layer.
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Considering the equal contributions from TE and TM
polarized light, the APNS of the proposed solar cells under
randomly polarized sunlight can be described as

APNS()) = %(APNSTE(A) +APNSt (L), (3)

TEAPN =

f APNS (A )with,metal-structures d\ - J APNS (A) without_metal-structures dr

where the subscript represent the case of TE or TM
polarizations. The total enhancement of absorbed photon
number (TEAPN) inside the Si layer is defined as

f APNS (/1)without,metal—structures dr

The wavelength range for integrating is selected from 400 nm
to 1000 nm. Figure 5(d) shows the simulation results of the
total enhancement (TEAPN) versus different array periods.
Obviously, a very large enhancement up to 170% can be
achieved in our designed structures when compared with the
case of a bared Si layer. Furthermore, the high enhancement
of about 170% is broadband for the array period with a
large range from about 300 nm to 550 nm, thus providing
a very good fabrication tolerance for practical devices. Such
results are impressive and superior to those of some previous
designs of plasmonic thin film solar cells. In addition, it
should be pointed that although the thickness of 80 nm
employed in our simulations was used in certain devices,
the active layer thickness for the ultrathin Si solar cells is
typically 200-600 nm in the practical device applications. In
this case, more optical waveguide modes would be excited
to play important roles in absorption enhancement [11, 12].
Therefore, for the proposed structure with thicker active
layer, multiple plasmon resonance modes associated with the
introduction of metal structures together with these optical
modes are predicated to contribute to the overall absorption
enhancement. Since the configuration of metallic materials
rather than the discussed crystalline silicon materials is
responsible for the absorption enhancement in our proposed
design, similar performances are also expected by extending
the similar design into other active solar materials such as
CdTe and organics. Therefore, our proposed design has the
potential to become a solar cell platform for various thin film
solar cell systems.

4. Conclusion

In conclusion, the light absorption properties of a novel
ultrathin film Si solar cell structure were discussed in detail
by using the finite element method. As compared to a bared
Si thin film, the total absorption enhancement of absorbed
photon number can reach to 170% within a broad period
range by introducing Ag strips on top and Ag nanograting as
the back contacts in the solar cell structure. The absorption
enhancement mechanisms are revealed by analyzing the
enhanced field distributions and investigating the absorption
enhancement spectra as a function of periods. These results
pave a promising way for the realization of high efficiency
thin-film solar cells.
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