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An efficient plasmonic photovoltaic structure using silicon strip-loaded

geometry
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We show that a silicon thin-film photovoltaic structure with silicon strips on the top and grooves on
the silver back contact layer can absorb incident solar energy over a broad spectral range. The sili-
con strips on the top scatter the incident light and significantly help couple to the photonic modes
in the smaller wavelength range. The grooves on the silver back contact layer both scatter the inci-
dent light and help couple to the photonic modes and resonant surface plasmon polaritons. We find
an increase of ~46% in total integrated solar absorption in the proposed strip-loaded structure
compared to that in a planar thin film structure of same dimensions. The proposed structure offers

simpler fabrication compared to similar plasmonic-inspired designs. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4907873]

I. INTRODUCTION

Light confinement in photovoltaic structures of sub-
wavelength dimensions is of significant interest as it may be
a key to improving efficiency to cost ratio in solar cells. Sub-
wavelength plasmonic structures are being investigated for
increased light confinement, since, in principle, plasmonic
structures can confine light beyond the diffraction limit.'
Increased light confinement is possible through excitation of
surface plasmon polaritons (SPPs) in corrugated dielectric/
metal interfaces and localized surface plasmons in metal
nano-particles embedded in dielectric material of sub-
wavelength dimensions.>® However, plasmonic resonances
due to surface plasmon polaritons are much stronger in the
longer wavelength range of the available solar spectrum. By
contrast, in a silicon (Si) solar cell, absorption is much stron-
ger in the smaller wavelength range. Therefore, even with a
strong plasmonic resonance in a photovoltaic structure, the
total integrated absorption of solar spectrum due to plas-
monic resonance is usually not significant.

In order to maximize the total integrated absorption,
incident solar energy also has to be confined in the form of
waveguide modes, which are also called photonic modes.
Photonic modes can be excited without a metal structure and
are not bound to a surface, rather spread throughout the
active region. Therefore, light coupled to the photonic modes
not only reduces loss in metal but also increases carrier col-
lection efficiency. By contrast, light coupled to plasmonic
modes enhances field in the proximity of the metal body,
which results in non-uniform photo-carrier generation, and
thus, a reduced carrier collection efficiency.

A number of techniques have been investigated to excite
photonic modes in solar cells, the simplest of which might
be the periodic texturing of metal back contact.® The pho-
tonic modes excited in SPP-inspired designs with periodic
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texturing of metal back contact provide a very limited scope
for optimization as SPP modes also have to be optimized
simultaneously. However, plasmonic structures with metal
strips on silica-coated thin film Si supported on silica sub-
strate have been shown to help excite and optimize photonic
modes.” Though such a structure shows ~43% enhancement
in short circuit current gain compared to a structure without
metal strips, the sophistication of the design makes it signifi-
cantly difficult to fabricate even with the state of the art pro-
cess technologies. Recently, a more complex structure using
2D silver (Ag) grating on top surface has been reported to
produce broadband absorption.'® It has been shown that by
controlling the 2D grating parameters, incident light can be
coupled to multiple resonant localized surface plasmons and
resonant photonic modes. However, precise control over the
2D Ag grating width and period of the cascaded structure are
essential for resonant broadband absorption, which will be
immensely difficult to fabricate.

Light absorption in surface plasmon-inspired thin film
solar cells can also be increased by transferring the incident
solar energy between discrete metal nano-particles to excite
modes spreading throughout the structure.'' This technique
achieves a significant absorption enhancement even without
a reflective back contact, but impact of relative positions of
discrete metal nano-particles and accuracy of dimensions
make it quite difficult to fabricate. Additionally, photonic
crystal based back reflectors have been shown to increase
light absorption up to 50% in solar cells.""'” All these tech-
niques improve solar cell performance to some extent at the
expense of significant additional fabrication costs and
difficulties.

There are various fabrication techniques for depositing
periodic and random shapes on already fabricated solar
cells.* However, it is difficult to pattern metal nano-particles
with precision on solar cell structures due to aggregation.'®
By contrast, fabrication is relatively easier for corrugated

© 2015 AIP Publishing LLC
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metal back contacts.'® Nano-imprint lithography is usually
used for corrugated metal back contact fabrication as this
technique offers capacity in large area processing and precise
control of the nano-structures.’®*' Considering the costs and
complexities related to the fabrication of many earlier pro-
posals, this work aims at designing an efficient structure with
cheaper and simpler fabrication possibility.

In this work, we design a silicon thin-film solar cell for
broadband light absorption with silicon strip-loaded geome-
try on the top and periodic corrugation on the metal back
contact. The silicon strips on the top help the incident light
to scatter and thus couple into the photonic modes within the
active region. The periodic corrugation on the back contact
helps excite the SPPs. Photonic modes contribute to the
absorption in the shorter wavelength range, while SPPs con-
tribute to the absorption in the longer wavelength range of
the available solar spectrum. A detailed investigation of the
designed structure shows that the total integrated absorption
weighted by the available solar spectrum increases by 45.7%
compared to that in a plain silicon slab structure.

Il. PROPOSED STRUCTURE

The proposed structure is schematically shown in Fig.
1(a). In the proposed structure, the silicon active layer is
bound by two silica spacer layers on top and bottom. In the
top spacer, part of the silica layer is replaced by silicon strips
in a periodic fashion. This design is based on strip-loaded
waveguide theory.”” The silicon strips in the silica spacer
layer make the effective index of the silicon active region
beneath the strip greater than the actual material index.
Therefore, the active region, though not surrounded by mate-
rials of smaller index, effectively forms a waveguide with
confinement in both x- and y-directions. The silicon strips on
top surface scatter the incident light to couple to the photonic
modes. In the proposed structure, we use silicon strips
instead of metal strips as has been proposed on the spacer
layer in Ref. 9. The use of silicon strips reduces the back
scattering of the incident light, which happens if the metal
strips are used. The use of silicon strips instead of metal
strips also makes the structure cheaper and simpler to fabri-
cate. The proposed structure has periodic rectangular
grooves at the dielectric-metal back contact. The metal back
contact with grooves will help excite SPPs at longer wave-
length and thus confine light in that range as well as couple
shorter wavelength light to photonic modes.
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In this work, we design and optimize a silicon strip-
loaded solar cell with a single layer of crystalline silicon as
the active region. We present our analysis with crystalline
silicon active region as it is the mostly used solar cell mate-
rial at this time. Additionally, crystalline silicon has a carrier
diffusion length of ~100 pm, which is much greater than the
~100nm carrier diffusion length of amorphous (a-Si) or
nanocrystalline silicon.*** Therefore, all the carriers gener-
ated in a crystalline silicon active layer of sub-wavelength
dimension can be fairly approximated to be collected at the
contact terminals, so that a detailed light absorption calcula-
tion gives an accurate understanding of the short-circuit cur-
rent density. However, since the increased light absorption in
the proposed strip-loaded structure is mainly due to the spa-
tial index contrast created in the longitudinal direction, other
solar cell materials, such as amorphous silicon and nanocrys-
talline silicon can be used as the active region for increased
light absorption. Additionally, multiple layers as in tandem
solar cells can also be used as the active region. In particular,
we present absorption profiles for amorphous silicon active
regions in addition to the crystalline silicon active regions.

We note that when the proposed strip-loaded structure is
used for practical solar cells, the top surfaces of the silicon
strips have to be oxidized to collect current from the strips.
Additionally, there will be anti-reflection indium tin oxide
(ITO) layer on the top of the proposed structure to reduce the
reflection of the incident solar energy from the top surface of
the solar cells. Although ITO layer increases overall light
coupling to the solar cell, a fraction of the coupled light gets
trapped within ITO layer due to excitation of resonant Fabry-
Perot modes.>™"” However, in any case, the behavior of the
proposed strip-loaded structure to the light that is transmitted
through the oxide layer and incident on the active region will
be similar.

lll. SIMULATION APPROACH

To investigate the response of the proposed structure to
the incident light, we solve Maxwell’s electromagnetic equa-
tions using full-field finite difference time domain (FDTD)
technique. We find the solutions for two dimensional struc-
tures as the proposed structure is invariant in the z-direction.
In our simulation setup, as shown in Fig. 1(b), we apply peri-
odic boundary conditions in the y-direction and perfectly
matched layers (PMLs) in the x-direction.

In this work, we study the response of the proposed
structure to both transverse magnetic (TM) and transverse

FIG. 1. (a) Schematic diagram of the
proposed structure. (b) 2D cross-
sectional view of the simulation
domain used for finite difference simu-
lation of the proposed structure.
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FIG. 2. Standard terrestrial solar spectrum irradiance distribution.

electric (TE) plane polarized and normally incident light. The
incident light is a broadband pulse that covers the available
solar energy on earth between 400nm to 1000nm range.
After we solve the steady-state response, we calculate the
absorption at a point by 1 x @ x Im(¢)|E]*, where E is the
steady-state electric field, e is the frequency of the incident
light, and € is the permittivity of the material.”> The total
absorption in silicon and metal layer is calculated by integrat-
ing this expression over the entire layer. We find the normal-
ized absorption by calculating the ratio of absorbed energy to
incident energy. Since the solar irradiation varies with wave-
length as shown in Fig. 2, finally, we normalize absorption in
a layer by the solar spectral irradiance distribution.

IV. ANALYSIS
A. Resonant modes

The response of the proposed structure depends on the
wavelength and the polarization of the incident light.
Depending on the wavelength, the incident light can couple
to resonant Fabry-Perot modes, photonic modes, or plasmonic
modes. In Fig. 3, we show examples when strong Fabry-Perot
modes and photonic modes are created for TE and TM inci-
dent light. In Fig. 3(a), we show strong Fabry-Perot modes
for TE incident light at a wavelength of 900 nm. In Fig. 3(b),
we show strong Fabry-Perot modes for TM incident light at a
wavelength of 780nm. However, for TM incident light, we
note that the Fabry-Perot modes are somewhat distorted. The
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distortion is due to the interaction between the Fabry-Perot
modes and the resonant SPPs created at the back metal-
dielectric interface. In Fig. 3(c), we note two dimensional
confinements, which are resonant photonic modes for TE
incident light at 820 nm. Similarly, in Fig. 3(d), we note two
dimensional confinements, which are resonant modes for TM
incident light at 800 nm. These resonant photonic modes are
created mainly due to the scattering of the incident light by
silicon strips on the top.

B. Absorption profiles

In Fig. 4, we show the overall absorption profiles in the
silicon active layer and silver layer of the proposed silicon
strip-loaded structure when the incident light is TM polar-
ized. In Fig. 4, we also show absorption profiles of a planar
structure where the silicon active layer is bound by two silica
spacer layers and of a structure where the top silica layer is
periodically replaced by silver strips instead of silicon strips
of the proposed structure.

We note that the absorption profile in a planar structure
is dominated by Fabry-Perot resonances. In the absorption
profile of the proposed structure, there are a number of peaks
in addition to the Fabry-Perot resonances. These peaks are
due to resonant photonic and plasmonic modes. The photonic
modes result in absorption peaks only in silicon but not in
metal and these modes are prominent in the shorter wave-
length regime of the available solar spectrum. These modes
are caused by the two dimensional confinement imposed by
the strip loaded geometry. In addition to the transverse con-
finement due to the silicon strips, the symmetry of the active
silicon layer with silica spacer on both sides supports both
the even and odd modes in the longitudinal direction. By
contrast, the surface plasmon resonances are easily distin-
guished by absorption peaks in silicon in the longer wave-
length range with corresponding absorption peaks in metal
back contact layer. If metal strips replace the silicon strips,
photonic modes are created too. However, the absorption in
the active silicon layer decreases due to a huge loss in the
metal strips and reflection of the incident light by the metal
strips. In Fig. 4(b), we note that the absorption in Ag layer of
the structure with Ag strips is much greater than that of the
structure with Si strips. We also note that the absorption in
silicon layer of the structure with Ag strips significantly

—_

FIG. 3. Response of the proposed
structure to the incident TE and TM
polarized light at different wave-
lengths: (a) Electric field intensity in z-
direction (\EZ\Z) for TE incidence at
900 nm, (b) magnetic field intensity in
= z-direction (|H,|*) for TM incidence at
I 780 nm, (c) |EZ\2 for TE incidence at

Field intensity (a.u.)

820nm, and (d) |H,* for TM inci-
dence at 800 nm.

(=)
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FIG. 4. Absorption spectra in (a) Si and (b) Ag for planar structure, proposed
structure with Si strips, and proposed structure with Si strips replaced by Ag
strips with TM polarized incidence. Legends apply for both (a) and (b).

decreases in the blue part of the spectrum, which is mainly
due to the Fano resonance in the Ag strips at this spectrum
range.”

In Fig. 5, overall absorption profiles are given in the sili-
con and metal layers of the same three photovoltaic struc-
tures as in Fig. 4, except that the incident light is TE
polarized. The planar structure shows the similar response as
with the TM polarized light. However, absorption peaks due
to surface plasmon resonances are absent for the proposed
structure. We note that absorption peaks are due to resonant
photonic modes. However, absorption due to resonant pho-
tonic modes decreases with TE incident light. In the structure
with Ag strips, loss in metal increases significantly and thus
overall absorption decreases.

We have also calculated overall absorption profiles of
the proposed strip-loaded structure when the crystalline sili-
con active layer is replaced by amorphous silicon or cas-
caded layers of amorphous silicon and nanocrystalline
silicon in the active region. In each case, we have found sig-
nificant increase in overall absorption in the case of strip-
loaded structure when compared with that in planar structure.
In particular, in Fig. 6, we show the overall absorption pro-
files for TM incident light when amorphous silicon is used as
the active material instead of crystalline silicon.

C. Optimized structure

The fundamental mechanisms behind the absorption
enhancement in the proposed structure are the scattering of
light by the silicon strips, and therefore, coupling light to
photonic modes at the shorter wavelength range, and the ex-
citation of SPPs in the longer wavelength range by the

J. Appl. Phys. 117, 063109 (2015)
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FIG. 5. Absorption spectra in (a) Si and (b) Ag for planar structure, proposed
structure with Si strips, and proposed structure with Si strips replaced with
Ag strips with TE polarized incidence. Legends apply for both (a) and (b).

rectangular grooves placed at the silica/metal back contact
interface. Therefore, the dimensions of the silicon strips and
grooves are critical for light confinement. In Fig. 7, we show
the absorption profile in silicon for TM incidence when the
silicon strip width varies with fixed dimensions for grooves
and when the groove width varies with fixed dimensions for
silicon strips. We note that the resonant wavelengths for pho-
tonic and plasmonic modes and the normalized absorption
significantly vary when the widths of silicon strips and
grooves vary. We optimize the dimensions of the silicon
strips and grooves using the particle swarm technique for
maximum light absorption. However, we choose optimum
values of spacer layer thicknesses, relative position of the sil-
icon strips and grooves in the y-direction, and periodicity for
the silicon strips and grooves from an analysis of parameters
sweep. We use an active layer thickness of 300 nm, top and
bottom spacer layer thicknesses of 60 nm and 30 nm, respec-
tively, a displacement between the silicon strips and grooves
of 80 nm in the y-direction, and a periodicity for the silicon
strips and grooves of 418 nm. Using the particle swarm opti-
mization, we find that the absorption is maximum when the
silicon strips have a width of 155.5 nm and the grooves have
a width and a depth of 125.7 nm and 50 nm, respectively.

D. AM 1.5 solar spectrum weighted absorption

In the proposed photovoltaic structure, for TM and TE
polarized incidence with a flat spectrum ranging from
400 nm—1000 nm, integrated absorption reaches up to 42.8%
and 32%, respectively. However, the available solar energy
varies with wavelength as shown in Fig. 2. Therefore, for a
realistic calculation, the absorption spectra should be
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weighted by AM 1.5 solar spectrum. Figure 8 shows the
absorption spectra weighted by the solar spectrum for both
TM and TE polarized incidence. We find that the integrated
absorption weighted by AM 1.5 solar spectrum is 34.9%
when the incident light is TM polarized and 26.4% when the
incident light is TE polarized.

Although we have presented our results for TM and TE
incident light, the available solar spectrum at earth’s surface

300

gzso

_\5/200 -

."§ 150 0.83&

2100 2

A 50 0.6<
=

 250- o.4§

gzoo— 0 g

= 150 T2

g 100+

S 50 ‘

400 600 800 1000

wavelength (nm)

FIG. 7. Map of absorption profile in silicon for TM incidence (a) with vary-
ing silicon strip width and fixed dimensions for grooves and (b) with varying
groove width and fixed dimensions for silicon strips.
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FIG. 8. Solar spectrum weighted absorption spectra of the optimized struc-
ture for TM and TE polarized incidence.
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Solar Weighted Absorption

can be fairly approximated by 50% contribution from each
polarization. Therefore, we average the solar spectrum
weighted absorption spectra for both of the TE and TM
polarized incidences and the total solar spectrum weighted
integrated absorption becomes 30.7%. Similar calculation
for the planar structure without silicon strips and grooves
yields an absorption of 21%. However, the inclusion of
groove at the back contact of the planar structure yields an
absorption of 23.2%. Therefore, the proposed structure, if
used instead of planar structure, will offer 45.7% increase in
total integrated solar absorption. Figure 9 shows the approxi-
mate total solar spectrum weighted absorption spectrum for
our optimized structure in comparison with a planar structure
without any groove or loading strip. Figure 9 clearly shows
that the proposed photovoltaic structure increases light
absorption over the entire range of available solar energy.

E. Short-circuit current density

For thin photovoltaic structures where the cell thickness
is significantly smaller than the diffusion length, all photo-
generated carriers can be fairly approximated to be collected
at the electrodes.®” Since the diffusion length of crystalline
silicon is on the order of ~100 um, which is much greater
than the 300 nm active region of the proposed structure, we

1 T .

— Optimized
— Planar

0.5

A
1000

Solar Weighted Absorption

200

FIG. 9. Total solar spectrum (approximated by 50% of each polarization)
weighted absorption spectra of the optimized structure and a plain structure
without grooves at back metal contact and silicon loading strips on the top.

600 800
wavelength (nm)
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can assume that all photo-generated carriers will be collected
at the terminals. Now, if every absorbed photon generates an
electron-hole pair, the short-circuit current J. becomes®

Je—gq r IR, )
0

where I(4) is the solar irradiance, R(A) is the spectral
response of the cell, and ¢ is the charge of an electron. Using
the AM 1.5 solar spectrum weighted absorption given in Fig.
9, we find J, = 14.4mA/cm? for the proposed silicon strip-
loaded plasmonic solar cell.

The J,. obtained in the proposed structure is remarkable
for a 300 nm crystalline silicon active layer. As the light con-
finement increases for an increased transverse dimension of
the structure, we find significant increase in J. as the active
layer thickness increases. We find Ji = 19.1 mA/cm? when
the active layer thickness of the proposed structure is 800 nm
without optimized strip width. The ~43% external quantum
efficiency of the ~300nm thick active layer of crystalline
silicon of the proposed structure is less than that of state-of-
the-art much thicker solar cells."*'” If the active region of
the proposed structure is made thicker and the crystalline sil-
icon active layer is replaced by amorphous silicon or nano-
crystalline silicon, the quantum efficiency will increase
significantly. In particular, in strip-loaded structures with
300 nm amorphous silicon active region and tandem 200 nm
amorphous silicon on 100 nm nanocrystalline silicon active
region, we have found ~13% and ~30% increase in quan-
tum efficiency, respectively, assuming that all the photo-
generated carriers are collected at the terminals. Quantum
efficiencies of these structures can be increased significantly
by optimizing the strip and groove dimensions. By contrast,
the quantum efficiency of a solar cell may decrease to some
extent due to surface recombination and junction formation
at the interfaces.

V. CONCLUSIONS

In conclusion, the photovoltaic structure that we propose
serves the purpose of efficient coupling of incident light to
the photonic modes at smaller wavelength region for both
TM and TE incidences, as well as to the resonant plasmonic
modes at longer wavelength region for TM incidence. The
proposed structure exploits a silica layer between the dielec-
tric and metal back contact layer, which considerably
reduces the concomitant ohmic loss of plasmonic enhance-
ment. Increased absorption of the available solar energy at
the smaller wavelength range for both TM and TE polariza-
tions is achieved by employing strip-loaded waveguide ge-
ometry, which produces field enhancement throughout the
solar cell structure at the high absorption spectral regime of

J. Appl. Phys. 117, 063109 (2015)

silicon. Additionally, the simplicity of the silicon strip-
loaded geometry offers an easy fabrication process while
leading to greater than 45% increment in total absorption of
available solar energy over that obtained in planar silicon so-
lar cell structures.
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