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Design of periodic metal-insulator-metal waveguide
back structures for the enhancement of light absorption
in thin-film solar cells*
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To increase the absorption in a thin layer of absorbing material (amorphous silicon, a-Si), a light trapping design is

presented. The designed structure incorporates periodic metal-insulator-metal waveguides to enhance the optical path

length of light within the solar cells. The new design can result in broadband optical absorption enhancement not only

for transverse magnetic (TM)-polarized light, but also for transverse electric (TE)-polarized light. No plasmonic modes

can be excited in TE-polarization, but because of the coupling into the a-Si planar waveguide guiding modes and the

diffraction of light by the bottom periodic structures into higher diffraction orders, the total absorption in the active

region is also increased. The results from rigorous coupled wave analysis show that the overall optical absorption in the

active layer can be greatly enhanced by up to 40%. The designed structures presented in this paper can be integrated

with back contact technology to potentially produce high-efficiency thin-film solar cell devices.
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1. Introduction

Solar cell technology is considered to be one of
the main methods to satisfy the critical need for re-
newable, non-fossil fuel sources of energy. The ac-
tive material used in thin-film solar cells (TFSC) is
usually silicon (polysilicon, p-Si or amorphous silicon,
a-Si), which is considered to be one of the best can-
didates for the large-scale photovoltaic conversion of
sunlight.[! 5] However, due to the short carrier diffu-
sion length in silicon, to achieve nearly complete ab-
sorption, the absorbing layer’s thickness should be at
least a few micrometers (um). This in turn requires
the use of pure materials with a long minor carrier dif-
fusion length, which increases costs and energy pay-
back time. Thus, a careful optical design of the device
structure is crucial for optimizing light trapping and
absorption in TFSCs.

Light trapping in silicon solar cells falls mainly
into two categories: the first is the reduction of front
surface reflection and the second involves increasing
the optical path length of light within the cell.l?) The

DOI: 10.1088/1674-1056/20/9/094201

concept of reducing surface reflectivity by introducing
intermediate transparent layers such as silicon diox-
ide (SiOg), silicon nitride (SisN4) and some trans-
parent conductive oxides has been known since the
early 1800s.15! To increase the optical path length of
light, numerous strategies and designs inspired from
nanophotonics have emerged, ranging from planar re-
flective surfaces to arrays of ordered nanostructures
integrated on the back surface. Among them, peri-
odic nanometallic structures have attracted a rapidly
growing interest because they offer new approaches to
the altering and tailoring of the basic optical prop-

[7=91 Through proper design of the

erties of materials.
structural parameters, one can widely tune the opti-
cal absorption due to the surface plasmon (SP),]
which is an optically generated wave that propagates
along the interface between a metal and the dielectric
material. Among a wide field of applications, the SP
can be used in the photovoltaic domain, especially in
spectral bands where materials absorb weakly, in order
to improve photonic absorption and correspondingly
improve solar cell efficiency.
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In this paper, we propose the placement of peri-
odic metal-insulator-metal (MIM) waveguides at the
bottom of the optically active layer, which is shown in
Fig. 1. By investigating the use of MIM waveguides on
the backside of solar cell, this design will not only free
up those photons blocked by surface nanostructures
in designs with metallic structures placed on the front
surface of solar cells, but also achieve broadband and
polarization-insensitive absorption enhancement. The
design was carefully examined by the rigorous cou-
pled wave analysis (RCWA) method and a remarkable
40% light absorption improvement was anticipated for
the design in comparison with bare a-Si TFSCs. The
processes for the fabrication of these structures can
be divided into several common steps comprised pri-
marily of plasma-enhanced chemical vapour deposi-
tion, electron beam lithography and inductively cou-
pled plasma etching.

Fig. 1. (colour online) A cross-sectional view of the pro-
posed solar cell structure.

2. Solar cell system design and

rigorous calculation

Due to the sub wavelength feature sizes associ-
ated with the nanostructured waveguides, a rigorous
electromagnetic simulation tool is required and hence
we opt to use the RCWA method,[1°~13] which is also
known as the Fourier modal method. The RCWA
method is also able to incorporate any lossy (even in
metallic materials) and dispersive (frequency depen-
dent) materials. A schematic picture of a simple case
using the RCWA method is shown in Fig. 2. The pe-
riodic structure can be decomposed into several layers
with the constraint that each layer has the same pe-
riodicity. The fields inside each layer are expanded

in terms of in-plane spatial harmonics, whose ampli-

tudes are allowed to vary in the out-of-plane direc-
tion. The fields in the superstrate and substrate re-
gions are described by the Rayleigh expansion. The
wave vectors of these diffracted orders outside of the
periodic structure are phase-matched to the in-plane
spatial harmonics inside the structure.''l The elec-
tromagnetic problem consists of solving the variations
of the amplitudes of the spatial harmonics along the
out-of-plane direction. The fields are then boundary
matched to calculate the amplitudes of the Rayleigh
orders in the superstrate and substrate. This way of
solving the Maxwell’s equations allows the calculation
of the reflectance R, the transmittance T" and thus of
the absorption A = 1 — R — T of a plane wave in-
cident on our structures, as well as the plot of the
electromagnetic field distribution in the structure.[!?
In addition, due to the ability to calculate the opti-
cal response of a metallic material and the manipula-
tion in Fourier domain, the RCWA method is much
more efficient than volumetric numerical electromag-
netic techniques such as the finite element method and
the finite-difference time-domain method. The accu-
racy of RCWA depends on the number of diffraction
modes retained in the structure.

TM polarization »E TE polarization 5 FT
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H< t E k

superstrate region

periodic structure region
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Fig. 2. Schematic picture of a simple case using the
RCWA method. The light is launched from the super-
strate region. In the algorithm of the RCWA method, all
of the periodic structures will be split into many simple
periodic forms.

We made several modifications to our RCWA
code to allow for rigorous calculation of our hy-
brid structure. Mirror symmetries were exploited
for faster convergence with fewer diffraction orders.
The eigenvalue problem in each layer of the two-
dimensional (2D) periodic structure was set up in
terms of two second-order differential equations rather
than four first-order equations, which improved the
computational efficiency by a factor of eight. A
two-dimensional generalization of the enhanced trans-
mittance matrix method was also used to enforce
boundary conditions at the interface of two layers.!*!
Greater accuracy can be obtained without increasing
computational requirements.

The basic idea of using periodic elements at the
bottom of a solar cell is to change the direction of light
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propagation inside the solar cell. Metallic waveguides
can be efficient at exciting SPs at their interfaces and
therefore confine electromagnetic waves in the near
field and couple light into absorbing materials to en-
hance absorption.[®) By optimizing the period and
height of the MIM structure, we can achieve a high
diffraction efficiency in a certain spectral range. The
principal ideas are sketched in Figs. 1 and 2. From the
absorption within the a-Si layer, we will calculate the
optical absorption of an air mass 1.5 solar spectrum
within a spectral range from 400 nm to 1000 nm. The
geometrical parameters of the structure to be opti-
mized are scanned and RCWA simulation is performed
for each set of parameters. Experimentally measured
data for the complex dielectric constants of materials
are used in the calculation.'4

400 g

Wavelength,/nm

Wavelength/nm

Period /nm

Fig. 3. (colour online) The absorption with varying pe-
riod of MIM waveguides: (a) incident angle is 0°; (b) in-
cident angle is 30°. By changing the period of the MIM
waveguide, an RCWA simulation was performed for each
wavelength.

3. Numerical analyses and discus-
sion

To simplify our discussion, the top layer’s thick-
ness (indium tin oxide, ITO) is fixed at t; = 20 nm and

the waveguide width w is fixed at 50 nm. The thick-
ness of the active region and substrate, and the height
of the MIM waveguide are to = 200 nm, t4 = 100 nm
and t3 = 50 nm, respectively. The insulator can be
chosen with suitable dielectric materials, which can
provide an additional ability to fine-tune the dielectric
environment of the nanowaveguide. Here, we choose
all of the insulator material as ITO. The simulation
results, obtained from mapping absorption with dif-
ferent structural parameters and incident conditions,
are shown in Fig. 3. Figures 3(a) and 3(b) correspond
to 0° and 30° incident angles, respectively. It is very
interesting that in the long wavelength range, Fig. 3
shows a few areas in which large light absorption oc-
curs. When the incident angle is 30°, the large light
absorption area will be enlarged in comparison with
the 0° case.

transverse magnetic (TM) wavelength-dependent ab-

For an illustration of the results, the

sorption spectrum is shown in Fig. 4, where we select
the MIM waveguide period at 350 nm and incident
angle at 30°. In this paper, a TM-polarized electro-
magnetic wave is defined such that the magnetic field
is parallel to the integrated structure’s surface and the
electric field oscillates in the incident plane; while, in
contrast, the transverse electric (TE)-polarized wave
has no electric field component normal to the surface
(see Fig. 2).

— MIM waveguides |
L —— planar structure

Absorption
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Fig. 4.
200 nm, under TM illumination with the grating periods
of 350 nm and incident angle of 30°.

Absorption spectra at the a-Si thickness of

Photons with wavelengths below 0.65 pm can be
absorbed effectively in a thin a-Si layer. However,
when A > 0.65 pm, the absorption length exceeds
1 pm and in the near-infrared (NIR) below the band-
gap wavelength (0.7-0.775 pum), the absorption length
exceeds 5 pum. It is very difficult to harvest these
NIR photons.

the a-Si layer is only 200 nm, which can improve the

In our design, even the thickness of
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absorption in NIR remarkably. Compared with the
case without the MIM waveguides (planar structure),
significant differences will be required to enhance ab-
sorption occurring at a certain long wavelength and
to enhance broadband absorption. In Fig. 4, the long-
wavelength absorption enhancement is obvious after
the addition of the MIM waveguides. Most of the
enhanced absorption occurs in the longer wavelength
region, where photons have long absorption lengths.
The periodic metallic waveguides generate plasmonic
modes at these wavelengths, effectively helping the op-
tical absorption within the TFSC.[31% Surface plas-
mon polariton (SPP) modes can be excited around
the waveguide structures, which have the character-
istic of being excited only by TM polarization. The
SPP wave vector is given byl”

EITOEA 12
ko, = ko | ——22— , 1
P 0 (€1To+€Au> 1)

where kg, is parallel to the interface and kg is the
wave vector at vacuum. The mismatch in wave vector
between the in-plane momentums can be achieved by
patterning periodic structures with a period A. For
the one-dimensional and normal incident case, phase

matching will happen when

1/2
r . < EITOEAu ) (2)
A €170 + €Au '

For rectangular shapes, strong confinement of light
and the coupling of light into the absorbing layer
mostly occur at the upper surface of a waveguide.[15:16]
Compared with the reference, the SPP back struc-
tures can obviously increase the total absorption in
the wavelength range from 600 nm to 1000 nm, which
is an optimized spectral range to absorb the solar en-
ergy.

If the incident light is TE polarized, no plasmonic
mode can be excited. MIM periodic waveguides can
be seen as 1D photonic crystals that provide diffrac-
tion of photons and increase the photon path length
within the absorber layer. The solar cell with MIM
structures can achieve absorption that is considerably
larger than that without the MIM waveguides (Fig. 5).
The MIM waveguides generate modes of diffraction
at wavelengths which effectively increase the path
length.['” The large enhancement around 800 nm can
be attributed to the excitation of a-Si planar waveg-
uide guiding modes.l3] The coupling into this planar
waveguide mode is affected by a-Si layer thickness,
MIM waveguide period, and polarization, but much

less affected by the MIM waveguide’s height. Com-
pared with the common textured back reflector, the
MIM waveguide hybrid structure can achieve much
greater enhancement at resonance wavelengths where
even the incident light is not TM polarized.

— MIM waveguides
q Sur— 1]]?{“?[]' structure |

0 —
400 600 300 1000
Wavelength/nm
Fig. 5. Absorption spectra at the a-Si thickness of

200 nm, under TE illumination with the grating periods of
350 nm and an incident angle of 60°, the other parameters
are the same as those in Fig. 3.

When light is incident on this integrated solar cell,
the scattering of light waves is affected by the follow-
ing processes. First, the incident light undergoes typi-
cal diffraction on the nanostructured hybrid structure.
The incident wavelengths that can be diffracted at an-
gles nearly parallel to the interface, where the waveg-
uides modes are generated, will be strongly absorbed
in the solar cell. The condition for this mechanism to
occur is that the round-trip phase difference between
the light waves from the bottom and top of the absorb-
ing layer is an integral multiple of 2w. However, ex-
ploiting the periodic structure based on the excitation
of guided modes in the a-Si layer is most effective in
the spectral range, where silicon shows low absorption
(red and infrared part of the optical spectrum).!*8]

Second, when a resonant condition is met, the in-
cident light excites SPPs, which propagates along the
surface of the nanostructure.[!?-29) The high electric
field and concentration of light at resonant frequencies
generate high absorption of the incident wavelength.
Surface features induce changes to the dispersion re-
lations of SPPs owing to the interaction between the
SPPs and the surface features. As a result, SPPs scat-
ter into other SPPs propagating in other directions, or
decay by emitting photons.

The third mechanism can be exploited based on
the diffraction of light by the bottom periodic struc-
tures into higher diffraction orders. If the period of the
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waveguide is sufficiently large to allow diffraction or-
ders to propagate inside the absorbing layer, the path
of the photons is prolonged in comparison with the
thin film without a periodic waveguide and the prob-
ability for a photon to be absorbed is larger. Con-
structive interference of the different diffracted orders
plays an important role in maximizing the absorption
in the absorber layer.

One can see that the strong resonances appearing
above 630 nm in the case of the periodic MIM waveg-
uides are strongly reduced for TE polarization (Fig. 5)
and vanish almost completely for TM polarization in
the case of the planar structure (Fig. 4). Due to the di-
rect contact between a-Si and metal, resonances cause
a high electric field at the metal surface and lead to
strong absorption, as the imaginary part of the dielec-
tric function of gold is much higher than that of a-Si
in this wavelength region.[!8]

In TE polarization case, no plasmonic modes can
be excited, but when the condition for the excitation
of guided modes in the silicon layer is satisfied, the ab-
sorption will still be enhanced. The location of peaks
in the absorption spectrum can be attributed to the
coupling of incident light into guided modes in the so-
lar cell layer. A series of absorption peaks appear in
Fig. 5 and each peak corresponds to a mode with good
impedance matching with regard to the incident light.
There is a large enhancement of absorption between
540 nm and 600 nm, which is the result of the exci-
tation of guided modes and the interference with the
zero and the first diffracted order of two neighbour-
ing unit cells. The observed high absorption peaks
clearly illustrate that the introduced periodic MIM
waveguides play an important role in the control of
incident light coupling and in the photon interaction
with the absorbing medium. Combining the different
effects, we find that the periodic metallic structures
on the back surface clearly increase the absorption ef-
ficiency of the hybrid solar cell both at short and at
long wavelengths.

The calculated total absorption in the active layer
is weighted by the air mass 1.5 solar spectrum and in-
tegrated from 400 nm (Apin) to 1000 nm (Apax) to
obtain the average absorption (A) as [17]

A
max dI
A) = AN)==dA
= [ A gian Q0

where dI/dA is the incident solar radiation intensity
per unit wavelength, A(\) is the total absorptivity and

can be defined as

A(N) = ATM(/\);ATE()\)' W
Here,
R ara (NS A
A= e s
L ars(A)S(A)dA
= Jam S(A)dA ®)

where ary (M) (arr(N)) is the optical absorption spec-
trum in active layers for TM- (TE-) polarized light
and S(A) is the solar irradiance spectrum.

We show the total average absorption (A) as a
function of MIM waveguide periodicity with a con-
stant depth of diffraction grating for normally inci-
dent light in Fig. 6, and two distinct absorption peaks
can be seen. By varying the a-Si layer thickness, one
can see Fabry—Perot (FP) cavity resonance, which is
also helpful for the enhancement of light absorption
in a TFSC. After adding the periodic waveguides,
the effective thickness of the cavity will actually be
changed.[?!] Therefore, adjusting the periodic struc-
ture is a practical means to tune the FP resonance
to better fit the solar spectrum without the need to
change the a-Si layer thickness.!'®2!] The absorption
peaks in Fig. 6 are the results of FP resonance in the
cavity. We also find that the coupling of the zero and
the first diffraction orders occurs when the periodicity
is around 350 nm, which is the reason why the value of
the second peak is larger than the first one. In order
for the different orders to interfere, the propagating
angle of the mode is an important parameter. These
angles are governed by the grating equation

(sinf,, +sinfp) - A-n=m- A,
m=(..,~1,0,1,...), (6)

where A is the period of the back-surface periodic
structure, n denotes the refractive index of the prop-
agating media after diffraction, A is the wavelength,
m specifies the diffraction order, and 6 and #,, corre-
spond to incident angle and diffraction angle, respec-
tively.

The average absorption is optimized for period
around 350 nm. Compared with bare a-Si TFSCs,
a remarkable 40% light absorption improvement is
anticipated from our design. Finally, a generally
valid remark on the analysed phenomena needs to be
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made. All three mechanisms will affect the encoun-
tered absorption enhancement in the analysed struc-
tures. However, due to interdependencies, they can-
not always be differentiated in their impact. In com-
plex physical systems there are always trade-offs when
choosing a proper design strategy.

0.70
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0.66

0.64

Average absorption

0.62

0.60 1

100 150 200 250 300 350 400
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Fig. 6. The variation in average absorption with the pe-
riod of the MIM waveguides, holding other parameters
constant near the optimum values.

4. Conclusion

In summary, the ability to realize large, broad-
band and polarization-insensitive absorption enhance-
ment will be crucial for practical TFSCs. It is believed
that plasmon-assisted schemes are promising for light
trapping, which is potentially useful for TFSCs. How-
ever, plasmonic modes can only be excited by TM po-
larized light. If one can design plasmonic structures
which can also help the enhancement of optical ab-
sorption in the TE-polarization case, the total absorp-
tion will be enhanced greatly. We have designed one
novel TFSC structure by using the RCWA method.
The advantage of this approach is that any number
of layers of different widths can be easily simulated
since a real-space grid is not necessary. The calcu-
lated results show that absorption enhancement not
only happens in the TM-polarization case, but also
can be witnessed in TE polarization, which is directly
attributed to the existence of periodic structures on
the back surface. The MIM waveguide hybrid struc-
ture presented in this paper is an effective approach

to light trapping in TFSC devices.
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