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This research report is mainly for the fundamental
research of photovoltaic device optics. The
achievement can be separated into three parts (1)
Cavity-resonant solar cells using subwavelength
gratings, and application of cavity-resonant
structure to multi-junction cells. The specific
design in this study using plasmonic effect, which
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can enhance the spectral splitting through surface
plasonic subwavelength grating and therefore increase
the photocurrent of multi-junction cells. (II) The
second effort in this proposal is the fundamental
understanding of light trapping phenomenon in
photovoltaic cells. Specifically, the eigen mode and
photonic bandstructure is studied, and their effect
on the absorption enhancement is assessed. It should
be noted that only through properly designed quasi-
guided mode excitation, the thin-film solar cells can
achieve their ultimate efficiency for a given active
layer thickness. Other photonic enhancement
approaches such as slow light and resonance
enhancement are also preliminarily studied in this
project. The last research effort of this project is
(II1) Improved randomized grating structures for high
efficiency solar cells, through genetic algorithm
optimization, and based on the physics studied in
goal (II). The conventional randomly textured silver-
dielectric back reflectors are widely used in
commercial solar cells. Nonetheless, well-designed
random structures have not been carefully examined
and not been made possible. In this project, a
lithographically definable random reflector is
proposed, and its efficiency is shown to be ~30%
higher than its periodic counterpart.

The success of this project contribute in
(I)New/Novel /Promising optical cavity structures
proposal provides directions for future high
efficiency solar cell design. (II) Demonstration of
using nano photonic modeling approach to design solar
cell optical structures. (III) Improving the
fundamental understanding of electrodynamic
phenomenon inside solar cells by eigen mode analysis,
transmission/reflection/absorption calculation, and
diffraction order analysis. (IV) Design of randomized
structures benefiting future high efficiency thin-
film solar cells.

solar cell, resonant cavity, randomized reflector,
eigen mode
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Abstract

Keywords: solar cell, resonant cavity, randomized reflector, eigen mode

This research report is mainly for the fundamental research of photovoltaic device optics. The
achievement can be separated into three parts (I) Cavity-resonant solar cells using subwavelength gratings,
and application of cavity-resonant structure to multi-junction cells. The specific design in this study using
plasmonic effect, which can enhance the spectral splitting through surface plasonic subwavelength grating and
therefore increase the photocurrent of multi-junction cells. (II) The second effort in this proposal is the
fundamental understanding of light trapping phenomenon in photovoltaic cells. Specifically, the eigen mode
and photonic bandstructure is studied, and their effect on the absorption enhancement is assessed. It should
be noted that only through properly designed quasi-guided mode excitation, the thin-film solar cells can
achieve their ultimate efficiency for a given active layer thickness. Other photonic enhancement approaches
such as slow light and resonance enhancement are also preliminarily studied in this project. The last research
effort of this project is (III) Improved randomized grating structures for high efficiency solar cells, through
genetic algorithm optimization, and based on the physics studied in goal (II). The conventional randomly
textured silver-dielectric back reflectors are widely used in commercial solar cells. Nonetheless, well-designed
random structures have not been carefully examined and not been made possible. In this project, a
lithographically definable random reflector is proposed, and its efficiency is shown to be ~30% higher than its
periodic counterpart.

The success of this project contribute in (I)New/Novel/Promising optical cavity structures proposal
provides directions for future high efficiency solar cell design. (II) Demonstration of using nano photonic
modeling approach to design solar cell optical structures. (III) Improving the fundamental understanding of
electrodynamic phenomenon inside solar cells by eigen mode analysis, transmission/reflection/absorption
calculation, and diffraction order analysis. (IV) Design of randomized structures benefiting future high

efficiency thin-film solar cells.
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Fig. 1 (Left) Illustration of broad band dielectric mirror and (Right) Cascaded resonant cavity type solar cell
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Fundamental Under standing on Solar Cell Light trapping
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Fig. 2 Tllustration of importance of light trapping in thin-film photovoltaics
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Cavity resonant type solar cell and eigen mode excitation

The use of multi-junction cells, which are occasionally referred to as tandem cells, is a practical method
to exceed the Schokley and Quessier limit of photovoltaic devices. Recently, surface plasmon (SP)
photovoltaics has drawn considerable attention because it can provide a new route to improve thin-film solar
cell light-trapping below the diffraction limit [24, 27-31, 34-50]. The surface plasmon phenomena that have
been related to photovoltaics include localized surface plasmon (LSP) [28, 29, 34, 38, 51], surface plasmon
polariton (SPP) [34, 36, 37, 45, 51], and far-field enhancement. Previous studies included a single metallic
nano-particle array on the top of a semiconductor layer [29, 34, 45, 52] to enhance photon forward scattering,
and plasmonic back reflectors showing SPP propagation along the metal/semiconductor interface [34, 36, 37,
45, 51]. Although a single metallic grating on the top or on the bottom of the semiconductor thin-film
effectively improved solar cell efficiency, cavity design is necessary to improve the efficiency even further.
Here, the SP cavity design was applied to the multi-junction cells. For multi-junction cells, current matching
is the most important consideration to maximize the efficiency; therefore, the subcells should have matched
integrated absorbances. To optimize the geometrical parameters, a genetic algorithm (GA) was employed in
this study. GA is a global search method that mimics natural evolution. It can identify a global maximum for
ill-behaved objective functions, such as the optical cavity design, which is impossible to achieve using
conventional optimization methods. The micromorphic silicon multi-junction cell was used as an example to
demonstrate the effectiveness of GA-optimized SP cavity for spectral flux management in the multi-junction
cells. Micromorphic multi-junction cells normally require a thick microcrystalline silicon (pc-Si) bottom cell
due to the low absorption coefficient of pc-Si. Therefore, a surface plasmon micro-cavity can be employed to

improve the absorbance of the pc-Si bottom cell and the current matching of the entire multi-junction cell.

Fundamental under standing of solar cell light trapping

Periodic grating can enhance solar cell absorbance by providing quasi-guided mode excitations[26, 30,
34, 35, 38, 40, 43, 45, 48, 49, 51, 53-55]. Nonetheless, quasi-guided modes cannot exist over the entire solar
spectrum due to its discrete nature. The question arises: How to utilize the limited-number, non-continuous
qausi-guided modes to maximize the short circuit current. Previously, it has been assumed that the broad band
absorbance enhancement is proportional to the number of guided mode peaks[30, 54]. The work from the
same authors later propose a distinction to the mode quality in terms of its overlap-integral[56]. More recent
experimental work studies the dispersion and the absorption enhancement, and motivates the concept that
mode confinement, i.e. Q-factor, also plays an important role in determining the broad band absorbance[53]. It
is also interesting to know whether it is more efficient to use narrow band high-Q peaks or to use fewer broad
band low-Q peaks, to cover a specific spectral range. In this work, it is shown that while the number of guided

mode peaks has pronounced effect on the short circuit current, other factors such as the mode quality and the
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mode excitation wavelength and strength also affect the short circuit current. This leads to the observation that
the solar cell geometry giving the most guided modes does not coincide with the geometry giving the highest
short circuit current. In this work, the solar cell geometry is optimized using global optimization algorithm[57]
to maximize the short circuit current at light trapping wavelength(Jscrr), and the resulting spectral response is
analyzed and compared. The investigation is conducted for the absorption enhancement by the non-plasmonic
and plasmonic back reflectors, respectively, since the non-plasmonic and plasmonic back reflectors are
expected to exhibit different natures. The optimization is repeated for several runs to confirm the result, and
very similar conclusion is arrived. For non-plasmonic solar cell back reflectors, it is found that the modes are
mostly of diffractive nature. The excited modes exhibit high-Q resonance and the
air-dielectric-semiconductor-metal essentially acts as a conventional index-guided waveguiding structure. On
the other hand, surface plasmon(SP) has long been known for its broad band emission[38, 40, 43, 45, 48, 49,
55] capability. Aaccording to the study here, the quasi-guided modes associated with plasmonic back
reflectors without a dielectric spacer exhibit low-Q broad band resonances and the absorbance enhancement is
mostly through the broad band coverage of solar spectrum. This is pronouncedly different from the high-Q

diffractive modes for the non-plasmonic back reflectors.

Optimized diffractive element: Random gratings

Random reflectors are always of particular interest for solar cell. The optimized random geometry can
potentially exceed the so-called Lambertian limit[1, 5, 7, 9, 11, 12, 14, 58-62]. There are several issues
associated with optimized random geometry. (1) The optimized random profiles are usually very difficult to
fabricate. (2) The randomized nature results in that the geometrical construction of conformal layers is quite
difficult. The suitable geometrical definition of such a full 3D structure is inevitable, if the solar cell geometry
is going to be optimized by a particular optimization algorithm. The geometry has to be adjusted
automatically during optimization, rather than adjusted manually at each run. (3) The full
three-dimensional(3D) solar cell structure with a random back reflector, a dielectric spacer, a conformal
semiconductor layer, and a front-side anti-reflection coating has not been optimized to date due to its large
computational demand.

Here a global optimization algorithm together with a geometrical parameterization procedure is proposed
for designing optimal random gratings for future thin-film photovoltaics. There are several potential methods
for global optimization, and genetic algorithm is selected here due to its versatility and the fact that it does not
require initial guesses. The proposed method can be applied to solar cells using any materials although a
silicon thin-film is used in this study. In literature, optimization of one dimensional(1D) randomized profile
for solar cells has been reported [26, 33] using 2D simulation. Nonetheless, in these works the optimized 1D
profile is difficult to fabricate while two dimensional(2D) grating geometry in three dimensional(3D)
simulation is much preferred in real devices due to its higher absorbance enhancement. The initial result of
this work can be found in [63].



Cavity resonant type solar cell and eigen mode excitation

Using multi- junction cell is a practical way to exceed Schokley and Quessier limit of photovoltaic
devices. Recently surface plasmon(SP) photovoltaics draws consideration attention, which provides a new
route to further improve thin-film solar cells light-trapping below diffraction limit [24, 27-31, 34-49]. This
includes localized surface plamon (LSP) [28, 29, 34, 38, 51], surface plasmon polariton (SPP) [34, 36, 37, 45,
51], and photon re-emitted back into the semiconductor thin-film by surface plasmon, leading to far-field
enhancement. Previous work includes a single metallic nano-particle on the top of semiconductor layer[29, 34,
45, 52], which shows enhanced photon forward scattering into silicon, and plasmonic back reflectors which in
general shows SPP propagating along the metal/semiconductor interface[34, 36, 37, 45, 51]. Although a single
metallic grating on top or bottom of semiconductor thin-film has been shown to be effective for improving
solar cell efficiency, cavity-design is expected to improve the efficiency even further. With photonic cavity,
photons can be trapped inside absorbing thin-film. In conventional thin-film photovoltaics, the trapping is due
to total internal reflection (TIR) where photons outside escape cone can be totally reflected back into
semiconductor thin-film. In SP cavity, absorption and remitting of photons by SP, together with LSP and SPP,
can further improve the light trapping capability of photonic device, provided proper optimization can be
achieved. For optimization of geometrical parameters, genetic algorithm (GA) can be used. GA is a global
search method and mimics natural evolution. It can find global maximum for ill-behaved objective functions
such as the case of optical cavity design. This is impossible to achieve using conventional optimization
methods. The micromorphic silicon tandem cell can be used as example to demonstrate the effectiveness of
GA optimized SP cavity for solar spectral flux management. Micromorphic cell normally requires thick
mircrocrystalline silicon (lc-Si) bottom cell in order to have higher absorbance for long wavelength photons
due to lower absorption coefficient of c-Si. Surface plasmon microcavity canthus be employed to improve
te-Si bottom cell absorbance and current matching. Fig. 3 illustrates the two types of cavity plasmonic design
including intermediate reflector and bottom grating(IRBG) cavity and top and bottom grating(TBG) cavity.

Ag —

— uc-Si —
Zn0O

Ag

Fig. 3 Example of (Left) intermediate reflector and bottom grating (IRBG) cavity, (Right) top and bottom grating (TBG ) cavity.
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Fundamental under standing of solar cell light trapping

In this work, the discretization of Maxwell’s equation is carried out by two-dimensional finite element
method, using COMSOL Multiphysics software package [64]. Periodic boundary conditions are set at the left
and right boundaries, while perfectly matched layer absorbing boundary conditions are used at the top and
bottom boundaries of the computational domain. The absorbance in silicon is then calculated by integrating
the divergence of the time-averaged Poynting vector, which is then normalized by the incident power. Only
absorbance in silicon generates electron-hole while absorbance in metal leads to surface plasmon absorption
loss. The details of the calculation can be found in reference[6-8, 26, 64]. The absorbance is calculated by

integrating the power dissipation in silicon:

;Iwgog”(/l) B[ av
A(/l):l v —— (3)
2jRe{E(r)><H (r)}-ds

N

where @ is the angular frequency, A is the free space wavelength, & is the permittivity in vacuum, and &” is
the imaginary part of complex semiconductor dielectric constant. The short circuit current at light trapping
wavelength, Jsc 17(600nm-1000nm) is calculated by averaging A(4) weighted by AM 1.5 solar spectrum:

JSC,LT = QJiQ(ﬂ)A(l)dl 4)
he

where (1) is AM 1.5 solar spectrum in unit of J s'em™ nm™, 4 is the Plank constant, A is the free space
wavelength, ¢ is the elementary charge, and c is the speed of light in vacuum. The genetic algorithm is chosen
as the global optimization techniques for locating the optimized geometry for the periodic grating on the solar
cell back reflector. It is chosen due to the fact that the genetic algorithm has been proved to be very effective
in different engineering fields[65-68]. During the optimization procedure, the objective function is defined as
the short circuit current at light trapping wavelength(Jsc1r), which is to be maximized by adjusting grating
geometry. The objective value will keep increasing and then saturate, as the optimization goes on. When the
optimization runs for long enough time, the objective value will gradually converge to the global maximum of
the objective function. In order to reveal the relationship between the number of supported quasi-guided
modes and Jscir, the number of qausi-guided modes for each individual(sample) is monitored during the
optimization procedure. To strengthen the conclusion, several optimization runs are conducted and highly
similar result and observation are arrived, and the result is included in the following sections.

The first structure under study is a silver back reflector directly in contact with silicon. TE polarization
and TM polarization in two-dimensional(2D) simulation domain are used to study the non-plasmonic back
reflector and plasmonic back reflector respectively. Using TM polarization in 2D simulation domain to study
the plasmonic structure has been employed [29, 34], and the structures with direct contact of
metal-semiconductor are commonly referred to as plasmonic back reflectors or plasmonic structures[34, 51].
Afterward, the effect of dielectric spacer on plasmonic structures is studied to reveal the effect of dielectric

shielding on the surface plasmonic absorption. For dielectric spaced structure, only TM polarization is studied
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since TE polarized light does not excite surface plasmon[29, 34] and its metallic loss is much alleviated
compared to TM polarization. It should be pointed out that plasmonic structures(TM) can initiate both
plasmonic and non-plasmonic modes. On the other hand, non-plasmonic structures(TE) do not possess surface
plasmon excitation capability.

The study is arranged as follow: Firstly the relationship between quasi-guided modes and absorption
enhancement is conducted, for non-plasmonic(TE) and plasmonic(TM) back reflectors, respectively.
Afterward, the usage of dielectric spacers on plasmonic structures and its effect on the optimal quasi-guided
mode excitations are assessed. For the generalization to solar cells in three-dimensional(3D) domain, the
non-plasmonic back reflector is more related to the solar cells with dielectric mirrors where all of the excited
modes are of purely diffractive nature. For the plasmonic back reflector, it is more related to thin-film solar
cells with 2D-textrued or 2D-grated metallic back reflectors. For 2D texturing/grating in 3D domain, surface
plasmon absorption will exist for both polarizations. As a result, the SP absorption has to be mitigated by a
dielectric spacer for both polarizations, which will be revealed later.

The film thickness is 0.3um and poly-crystalline silicon (poly-Si) is used as an example to study different
solar cell structures. For experimental poly-Si thin-film solar cell, the typical thickness is 1~2 um. Here the
thickness is kept thinner than full absorption to better reflect the light trapping effect. This is similar to Yu et
al [54] where 3um crystalline silicon is used for weak absorption while full absorption thickness of c-Si solar
cells is around 200 um. It should be emphasized that the conclusions drawn here do not only apply to
poly-crystalline silicon, they also apply to other inorganic semiconductors as well. This is due to the similar
mode coupling, light scattering, and waveguiding behaviors in inorganic solar cells. Crystalline silicon
parameters have also been tested and the conclusion is the same except slightly lower short circuit current
values. For organic solar cells, the near field enhancement is more dominant and the conclusions here may not
apply. The wavelength range chosen is from 600nm to 1000nm which corresponds to the long-wavelength
light trapping regime for silicon solar cells where the quasi-guided mode excitation is critical. The material
refractive index and extinction coefficient is from Rsoft material database[69] and literature[9, 60, 70-73].
The CPU runtime for a single optimization run is around 72 hours using Intel quad-core Xeon 3.1GHz
processor. It is worth mention that one-dimensional(1D) grating or texture is in 2D simulation domain, and 2D
grating or texture is in 3D simulation domain. In the paragraph below, when 1D or 2D grating is mentioned,
the specification of the simulation domain may be omitted but its meaning should be clear from the

explanation above.

Fig. 4 The set-up for investigating non-plasmonic back reflectors (TE) and plasmonic back reflectors (TM) in two-dimensional space.
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Optimized diffractive element: Random gratings

The evolutionary structure consists of ZnO/Si/ZnO/Ag, and the thickness of silicon is 700 nm, the
thickness of layer 2 is 100nm, and groove height for the grating is 250 nm. The binary grating can be
fabricated using usual lithography techniques in one etch step. Each binary bit is 250 nm in both width and
length. The structure is defined using 7 layers. Layer 1 is a uniform Ag layer. Layer 2 is a uniform ZnO layer.
Layer 3 is a ZnO/Si layer, which is defined according to the binary mask pattern as a function of 0 and 1, as

shown in Fig. 5.

Fig. 5. (left) [llustration of the way to define layer 3 ZnO/Si  and (right) 3D view.

The algorithm can be defined as below for layer 3:

if the binary mask is 1
Nr=Nzno ( 5)
else if the binary mask is 0
N=Ns;j
1 represents the mesa and 0 represents the etched area. Therefore in (3), 1 represents ZnO while O represents
silicon since the etched region will be conformally filled with silicon. Afterward, layer 4 is a uniform layer of
silicon, whose thickness will be the total thickness minus the groove depth of the grating. Layer 5 is
silicon/Zn0O, and the initial binary mask can used to define the fifth layer. Layer 5 is part of the ZnO top
contact conformal coverage.

Layer 6, which is the sidewall of the top silicon grating structure, is more complicated to define. The
thickness of the sidewall is 50nm, which is assumed to be half of the film thickness of the topmost ZnO
coverage. As illustrated in Fig. 6, the side wall definition can be done by dividing one bit of binary mask
pattern into 9 sub-regions. Whether each sub-region should be air, silicon or ZnO is determined by whether its
adjacent region is silicon or air and whether the underlying binary mask bit is 0 or 1. In addition, for each

sub-region, the situation can be slightly different as stated below.
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one bit

Fig. 6. (left) Illustration of the way to define layer 6 sidewall and (right) 3D view.

For the case of sub-region a, b, c, d, f, g, h, or i, if the underlying binary mask bit is 1, a ZnO grating
bump is already defined in the layer 3 at this specific mask bit location. Thus in order to achieve conformal
coverage, silicon refractive index is used. In the case that the underlying binary mask bit is 0, which means at
this specific mask bit location a ZnO grating dip is already defined in layer 3, the sub-region in the layer 6
should be air or ZnO, depending on whether any of the adjacent regions is silicon or not. If any of the adjacent
regions is silicon then ZnO refractive index is used since the sub-region in this case should be the ZnO
sidewall of the adjacent silicon material.

if the binary mask is 1
Nr=Ns;i
else
if one of the adjacent region is silicon (6)
N=Nzno
else
Nr=Nair

For sub-region e, the situation is simpler. If the underlying binary mask bit is 1, which means a ZnO
grating bump is already defined in this specific mask bit location in layer 3, silicon refractive index is used to
construct the conformal coverage of silicon thin-film. Otherwise if the mask bit is 0, air refractive index is

used.

if the binary mask is 1

Nr=Nsi %

else
Nr=Nair
Layer 7 is the topmost ZnO front contact coverage, which constitutes part of the top ZnO conformal
coverage. The thickness of the layer 7 ZnO coverage is 100nm. The definition can be extended from layer 6
using the same sub-region method as depicted in (4) and (5). Material optical constants can be found in
literature [9, 70, 71, 73-77].
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Cavity-resonant type solar cell and eigen mode excitation

Fig. 7 Example of (Left) Field profile for scattering problem and corresponding (Right)Eigen mode.

Fig. 7 shows an example cavity resonant type solar cell where the similarity between field profile of
scattering problem and eigen mode problem exists. SP single grating has been shown to be effective when
placed on top of semiconductor thin film or above metal back reflectors. Nonetheless, the combined structure
with both top and bottom grating that enables optimal cavity design has not been investigated. Here two type
of cavity, i.e., plasmonic intermediate reflector & bottom grating(IRBG) and plasmonic top & bottom grating
(TBG) are proposed and their capability to improve absorbance is studied. For SP intermediate reflector &
bottom grating, structure consists of Ag back reflector/Ag&ZnO bottom grating/pc-silicon thin-film/ Ag
intermediate reflectors/ a-Si thin-film, for SP top & bottom grating, structure consists of Ag back reflector/Ag
bottom grating/uic-silicon thin-film/ -Si thin-film/ Ag top grating. The optimization is done by adjusting each
geometrical parameter until highest absorbance is found. Poynting vector and absorption power density which

characterizes incident power per unit area and absorbed power per unit volume respectively can be written as

}TJO}mintg = E(F)XF[(F)
D ®)
Pabsorption = E(I") ’ J(l")

The electromagnetic field is essentially a time-varying field and time-averaged quantity is of interest as
far as calculation of absorbance is concerned. The Poynting theorem, under harmonic steady state, states that

time-averaged inflow power equals the time-averaged absorbed power.

I])absorption, avgdv + @ f;oynintg, avg ' dS
S

vV
= %f Re{E(f) : G(X)F*(f)} dV+%<I>Re{E(7)><ﬁ*(F)} -dS )
v s
=0
where 6 is conductivity of materials. The absorbance is the fraction of power absorbed divided by incident
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power which is solar spectrum.

AR =

;jRe{a(x)E(f)E*(f)} dF

; [ Re{E(f)xﬁ*(f)} .dS
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Fig. 8 Example of Line cone(black line) and photonic bandstructure for (Left)IRBG and (Right)TBG cavity-resonant type solar cell

Fig. 8 shows the photonic band structure for two types of cavity resonant solar cell. The frequency is

normalized according to

where @ is the cutoff wavelength of tandem cell which is taken to be 1000nm here. Bloch theorem states that
photons in periodic structure can propagate without scattering and thus the photon lifetime can be extended if

o =w/a = ha)/EG, s

(In

geometry is optimized. The photonic bandstructure can be utilized to observe quasi-guided mode excitation

[28, 42, 46]. For any incident angle, a line can be drawn to characterize the relationship between ® and 4:

k =k, sin 0=/ fte sin O

(12)

where ky is in-plane wavevector, ko is wavevector in vacuum, ® is angular frequency, ¢ and € is permeability

and permittivity, and 0 is incident angle. The corresponding incident field is

A, (x,y) = H,, exp( jk,x sin 0k, y cos 0)

(13)

The intersection between the line (Eq.(9)) and the photonic bandstructure is where quasi-guided mode

excitation is likely to exist. The line cone corresponds to incident angle of 90° and the y-axis corresponds to

normal incidence. The Bloch periodic wave function in the SP cavity is
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H(F) = H,(F)exp(jk, - 7) (14)

where k| is in-plane wavevector and Hp is periodic modulation. The eigen mode excitation condition can be

written as:
k =k, sin® (15)

which means in-plane component of incident wavevector matches Bloch wavevector.

Another point that can be revealed by photonic bandstructure is slow light enhancement. It can be seen
from Fig. 8 that the photon group velocity is significantly lower than the phase velocity especially at
bandedge such as I' point at long wavelength portion. The group velocity characterizes the electromagnetic
wave propagation in the film and it can be expressed as:

The group velocity is related to the slope of photonic bandstructrue. In cavity the propagation of

(16)

electromagnetic wave is no longer plane wave of infinitely extent and the photonic density of state (PDOS) is
modified. Properly tailored and optimized cavity will lead to enhanced solar cell absorbance due to modified

density of state and extended photon cavity lifetime.
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Fundamental under standing of solar cell light trapping
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Fig. 9 The highest short circuit current spectral response for the dielectric-spaced plasmonic back reflectors after optimization for (left)

the grating on the dielectric-spacer(GDS) structure and (right) the grating on the silver(GS) structure.

From previous sections, it is seen that the absorbance enhancement by the purely plasmonic back
reflectors without a dielectric spacer is significantly lower than the non-plasmonic diffractive back reflectors
ones due to metallic absorption. To improve the silicon absorption by reducing metallic absorption, the Jsc it
is now calculated for dielectric-spaced structures and the geometry optimization is carried out for the grating
period(A), fill factor(FF), grating height(hg), incident angle(0), and dielectric spacer thickness(tgs), as
illustrated in the drawing of Fig. 9. In theoretical papers, there are two types of structure exist for dielectric
spaced plasmonic back reflectors[33, 42]: one is grating on the dielectric spacer(GDS) [33] and the other is
grating on silver(GS) [42]. The GDS structure is illustrated on the left in Fig. 9 where the grating is etched on
the dielectric spacer and the silver-dielectric spacer interface is mostly flat. The GS structure is illustrated on
the right in Fig. 9 where a grating is formed on the silver surface and then a conformal dielectric spacer layer

is deposited on silver. In experiment, GS structure is mostly conducted, and the practice is texturing the silver
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back reflector before depositing the subsequent layers. Therefore the experimental structure is more similar to
the grating on silver(GS) structure. Nonetheless, it is going to be shown that the GS structure is less efficient
then the GDS structure at their respective optimized geometry, due to the lower metallic absorption of the
GDS structure. For GDS structure, the optimized geometry is A=0.4684um, FF=0.3548, hg=0.198um,
tss—0.144um, and 06=7.0866°. For GS structure, the optimized geometry is A=0.548um, FF=0.2471,
hg=0.187um, t4s=0.25um, and 0=4.7244°. tg,n is fixed at 80nm for both structures. The optimized highest
short circuit current at light trapping wavelength, Jscir, is 7.6387 mA/cm? for the grating on dielectric
spacer(GDS) structure, and 7.1617 mA/cm? for the grating on the silver(GS) structure, which are all higher
than the case without the dielectric spacer for the purely SP back reflectors without a dielectric spacer in
Section 4 (Jsc.11=6.3399 mA/cm?). The improvement in Jsc it for GDS structure is 20.49%, compared to SP
back reflectors without a dielectric spacer.

It should be pointed out that the number of excited quasi-guided modes also shows increase as the
optimization proceeds, but the optimization still does not converge to the geometry that leads to the most
supported modes. In order to keep the paper concise, the statistics for the optimization is not shown here again
for the dielectric-spaced structures. Repeated global optimization run is also conducted, and similar results are
arrived. Therefore, the optimized geometry giving the highest short circuit current does not coincide with the
geometry leading to the most quasi-guided modes. Surface plasmons are still excited at specific wavelengths
although it is of much weaker strength compared to the plasmonic back reflector without a dielectric spacer.
The excitation of surface plasmons(SP) in dielectric spaced structures is due to the incomplete shielding of the
dielectric. The metallic absorption is effectively reduced and the optimized trade-off between SP excitation
and SP absorption leads to higher silicon absorbance. Therefore, for the plasmonic back reflectors in inorganic
solar cell structures, direct contact of metal-semiconductor, such as the case in section 4, tends to result in
increased metallic absorption and is not a preferable way for light trapping. While near field SP effect can be
extremely effective[34, 43] in organic devices, the far field SP light scattering by SP back reflectors in
inorganic semiconductor can be significantly degraded by metallic absorption. The metallic loss is especially
detrimental if a whole metallic back reflector is directly in contact with the semiconductor[51], compared to
the case where only small nano-scale metallic particles are placed at the front or the rear side of the
devices[78]. While a lot of SP structures with metal back reflectors directly in contact with inorganic
semiconductor is conducted[35, 51], it is suggested here that the conventional dielectric spaced back reflector
is still more efficient for long-wavelength light trapping, due to the balance between SP assisted absorption
enhancement and metallic absorption loss. Surprisingly, it is also found that the grating on the dielectric
spacer(GDS) itself is more effective than the grating on the silver(GS) back reflector, different from the
experimental practice were the metallic back reflectors are textured before the subsequent depositions. The
higher Jsc 1t 1s mainly because the GS structure tends to lead to more metallic absorption, evident from the
spectral response in Fig. 9.

Since in reality the two-dimensional texture or grating is mostly used for solar cells, the excitation of
surface plasmon exists for both TE and TM polarizations. It is therefore suggested that for solar cells with
metal back reflectors, dielectric spacer should be included and the texture should be formed the dielectric
spacer itself. In the cases where dielectric mirrors are employed, high-Q diffractive modes should be utilized

to maximize the short circuit current as shown in section 3. In addition, while most of the experimental solar
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cells still employ metal back reflectors, non-plasmonic back reflectors, such as dielectric mirrors, can

potentially provide higher photocurrent due to lower SP absorption loss.
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Fig. 10 (Left) the field profiles at the quasi-guided mode peak wavelengths for the optimized grating on the dielectric spacer(GDS)

structure. (Right) the corresponding photonic bandstructure.
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Fig. 11 (Left) the field profiles at the quasi-guided mode peak wavelengths for the optimized grating on the silver(GS) structure. (Right)

the corresponding photonic bandstructure.

Fig. 10 and Fig. 11 show the field profiles and the photonic bandstructures of the optimized geometry, for
both GDS and GS dielectric-spaced structures. It can be seen from Fig. 9 that in spectral responses some of
the quasi-guided mode peaks are accompanied by the elevated metallic absorption while the other peaks are
not. The enhanced field intensity at metal-silicon interface at the long wavelength in Fig. 10(A=0.954um) and
Fig. 11(A=0.995um) further confirms the excitation of surface plasmons. The quasi-guided mode excitation is
also labeled in the photonic bandstructure at the right of Fig. 10 and Fig. 11. The Bloch wavefunction for a

periodic structure can generally be written as
E(7,1) = Re{ii(¥) exp(=jky,, - F) exp( jr)] (17)

where E is the electric field, kgioch 1S the Bloch wavevector, @ is angular frequency, ¢ is the time, and u is
the periodic modulation. The condition for the excitation of the qausi-guided modes is
k, sin @ = o\l 1€, sin@ =k, , (18)
where kj is the free space wavevector of the incident field, 1 and & is the free space permeability and
permittivity respectively, and @1s the incidence angle as illustrated in Fig. 4. It should be pointed out that here

the x-axis in the photonic bandstructure is @rather than kpien, and the conversion between them is also

established by Eq.(4).
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The slope of the photonic band structure is the photon group velocity:

(19)

da) — d_a)(dkBloch j_l _ d_a) 1
dk, . do\ dé d6 k, cosd

Although the slow light enhancement is not the main point of this paper, it is still worth to point out that
at the quasi-guided mode wavelengths, the photon group velocity is significantly slower than its free space

phase velocity and therefore the enhanced absorbance can be achieved.
Optimized diffractive element: Random gratings

The calculation of Poynting vector, energy loss, and integrated quantum efficiency can be referred to
literatures|7, 8, 26, 64]. The calculated integrated absorbance, Ay, is 0.7380 for the optimized geometry and
0.5697 for its periodic counterpart. The optimized grating geometry is shown in Fig. 12. The spectral response
is shown in Fig. 13 where a 4X4 quasi-random grating provides 23% broad band improvement compared to
its 2D periodic counterpart. At short wavelength, the optimized structure shows broad band improvement due
to the transmission enhancement, as is clear in the insect of Fig. 13. At long wavelengths, the Fabry-Perot

type resonances are seen in the 2D-periodic grating due to the quasi-guided mode excitations.

Fig. 12 (Left) periodic two-dimensional grating. (Right) optimized quasi random 4x4 grating.

22



\*\‘ Lambertian (a)

2D S
0.8} Periodic N
s'\ !
(O] o
g 06' ! S\
© AN
O ~/
[
?
0 0.4'0
< 2
£
,E d
0.2r206|- .....
=
0.5 1
wavelength(um)

8.4 0.6 0.8 1
wavelength(um)
1 BTy
Random (S) \s\ Lambertian (D)
0.8 Random (P)
©
4]
cC
@®
2 06+ 1
? 8
2 g 0.9
E 0.8 = S-Polarized
0.4r g e P-Polarized
=
0.7
0.5 1
wavelength(um)
0- 1 1
8.4 0.6 0.8 1
wavelength(um)

Fig. 13. Spectral responses for (a) the 2D periodic grating and (insect) the transmission at the front surface (b) the optimized 4X4

quasi-random grating and (insect) transmission at the front surface.

The Lambertian absorption limit is[79]:
(l_e—4aW)
A(A)= 20
% [1-(1-1/n*)e™"] ()

where « is the absorption coefficient, n is the semiconductor refractive index, and W is the film thickness.

Although at the resonance frequencies the absorbance of the baseline cell with 2D periodic gratings can
exceed the Lambertian limit in (6) at certain wavelengths, the broad band enhancement is not as strong as the
optimized random structure. The well-defined quasi-guided-modes in the periodic grating make it possible to
exceed the Lambertian limit. Nonetheless, at wavelengths other than the resonances, the absorbance is much
lower. Since it is difficult for guided modes to exist over the entire solar spectrum, a comprised but optimized
random grating can provide higher overall efficiency. Planar cell in general shows wave interference
characteristics at the short wavelength where peaked absorbance is seen when wave impedance is matched for
the thin-film solar cell stack. It shows weak absorption at long wavelength due to insufficient light scattering,
resulting from the lack of large angle diffraction.

The transmission at the solar cell front surface is plotted at the insects of Fig. 13. When calculating the

transmittance, only the front surface texture is retained (no back reflector) and the fraction of the power
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penetrating from air into silicon is plotted. Retaining only the front surface texture is a common practice for
calculating anti-reflection characteristics[35]. Since there is no back reflector, no quasi-guided mode is
excited and therefore in the transmittance curve very few peaks are observed. At the long wavelength portion
of the solar spectrum, the transmission is essentially very high due to the matched wave impedance. The

impedance matched condition for the ZnO front contact assuming planar structure is:
A mA

o —
4 nZnO 2 n ZnO

t

e2y)

where A is the free space wavelength, nz,0 is the ZnO refractive index, and m is non-negative integer. For
the 2D-perioidic grating the transmission is further improved at all wavelengths where a broad band
transmission is observed instead of perfect transmission at a single wavelength, as is the case for the planar
structure. The lower transmission at the short wavelength for both insects in Fig. 13(a)(b) is due to two factors.
First is directly from (7). nzyo is approximately equal to 2 and #z,0 =100nm, and thus the first impedance
matched point is around A=800nm, and the second is A=266.67 nm. Since there is no impedance matched
point around A=400nm-600nm, the transmission is lower at short wavelength. The second reason is that the
imaginary part of dielectric constant (&) becomes higher at short wavelength, which in turn lowers the
transmission. The transmission peak around A=448.5nm is unlikely the result of impedance matching since
there is no such points in this spectral range. It is more likely due to the strong waveguiding effect where the
ridged-geometry guides the incident wave into the silicon slab. The further broad band transmission

improvement of the random grating over the 2D periodic grating is due to its optimized geometry.
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Lithographically-definable Solar Cell Random Reflector using Genetic
Algorithm Optimization

Albert S. Lin', Sze-Ming Fu', Yan-Kai Zhong®

! Institute of Electronic Engineering, National Chiao-Tung University, Hsinchu, Taiwan 30010

? Department of Electro-Physics, National Chiao-Tung University, Hsinchu, Taiwan 30010

Abstract — Randomly textured Lambertian surface provides
broad band cosine emission and thus is suitable for photovoltaic
application. Nonetheless, variation of efficiency and non-
optimized nature of randomly textured devices are undesirable.
Here it is shown that using genetic algorithm, a 4x4 binary quasi-
random grating can provide 23% higher absorption than 2D
periodic grating and 103.5% higher than planar cells,
approaching Lambertian limit. The improvement is attributed to
broad band transmission for high energy photon and broad band
waveguiding effect for low energy photons. Large scale fully-
optimized binary grating can potentially surpass Lambertian
limit due to its optimized nature and should be employed for
future thin-film photovoltaic devices to reduce film thickness and
cost.

Index Terms — genetic algorithm, randomized pattern, guided
mode, thin-film solar cell.

I. INTRODUCTION

Randomly textured surface provides broad band cosine
emission and thus lead to so-called Lambertian limit[1].
Experimental and theoretical works have shown the superior
absorption enhancement using random Lambertian surface for
solar cell back or front surfaces[2-9]. Nonetheless, in order to
further improve the diffraction capability of randomly
textured surface and thus increase the conversion
efficiency[10], optimization is essential. In addition, the
geometry variation in randomly textured surfaces due to
process conditions or its own randomness nature causes poor
reproducibility in these devices. Previously optimization of
random reflectors has been applied to 1D-profiles as in [11,
12]. In order to achieve lithographically definable random
reflectors, 2D-profile optimization is necessary.

II. EVOLUTION OF RANDOM STRUCTURES

Structure consists of ZnO/Si/ZnO/Ag, and the thickness of
silicon is 700nm.The Ag and ZnO layers are firstly defined,
which are uniform stratums. Then an initial binary mask
pattern is defined as an array of 1 and 0. 1 represents the mesa
and O represents the etched area, and thus 1 represents ZnO
while O represents silicon since the etched region will be
conformally filled with silicon. Afterward, a uniform stratum
of silicon is defined, the thickness will be the total thickness
minus the groove depth of the grating. The fifth layer is again

ZnO/Silicon bi-periodic stratum, and the initial binary mask
can be used to define this ZnO top contact conformal
coverage. The sixth layer, which is the sidewall of the top
silicon grating structure, is more complicated to define. As
illustrated by Fig. 1, the side wall definition can be done by
dividing the empty (air) region into 9 sub-regions, and
whether each sub-region should be air or ZnO is determined
by whether the adjacent region is silicon or air. The last
stratum is the topmost ZnO coverage, which constitutes part
of the top ZnO conformal coverage. Material optical constants
can be found in literature[8, 13-16].

Zn0

Si

Zn0
Ag

Fig. 1. Illustration the device structures and the way to define top
ZnO coverage.

Genetic algorithm (GA) is applied to conduct geometry
optimization for random reflectors. GA has been shown to be
successful in several different engineering fields[17-21]. It is
a global optimization technique mimicking the process of



nature evolution. The structure for evolution is shown in Fig.
2.

Fig. 2. Illustration of (a) initial ZnO pattern (b) definition of ZnO
coverage layer (c) sidewall definition and (d) ZnO topmost coverage.

The definition of the sixth layer is a complicated process.
In general each binary mask is divided into 9 sub-regions as
illustrated in Fig. 1. For region surrounding the boundary, the
refractive index can actually be ZnO, silicon, or air refractive
index. In the case that the adjacent region is silicon, then the
refractive index of these sub-regions should be ZnO since
they consist of the sidewall of the strucuture. In the case that
the underlying layer, i.e. the silicon/ZnO bottom grating layer
is ZnO, then these sub-regions should be filled with silicon
and thus silicon refractive index is used. In the case that the
bottom silicon/ZnO grating is silicon, then then these sub-
regions should be filled with air and thus air refractive index
is used. The algorithm can be understood by referring to Fig.
1, the 9 subdivision is used to separately define the sidewall
coverage. For the sub-region a,b,c,d,f,g,h,i, if the initial binary
mask is 1, then silicon refractive index is used, and if one of
the adjacent regions is silicon, then the ZnO refractive index is
used. For remaining situations, the air refractive index is used.
For the sub-region at the center, i.e. sub-region e in Fig. 1,
if the bottom silicon/ZnO grating is silicon, then then this sub-
region should be filled with air and thus air refractive index is
used. In the case that the bottom silicon/ZnO grating is ZnO,
then then this sub-region should be filled with silicon for
conformal coverage is assumed here and the silicon layer
thickness is kept the same through the entire device.

III. SPECTRAL RESPONSE AND TRANSMISSION
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Fig. 3.  Spectral responses for (a) 2D periodic grating (b) GA

optimized quasi 4X4 random grating

Calculation of poynting vector, energy loss, and integrated
quantum efficiency can be referred to literatures[2, 11, 22, 23].
A 4X4 quasi-random grating provides 23% broad band
improvement reference to 2D periodic grating. At short
wavelength, Genetic-Algorithm(GA)-optimized structures
show broad band improvement due to transmission
enhancement, as will be clear in Fig. 4. At long wavelengths,
Fabry-Perot type resonance is seen in 2D-periodic grating due
to quasi-guided mode excitation.

The Lambertian absorption limit is[24]:

(1 _ e—4aW)
[1-(1-1/n")e"*"]

A(A)= (1)

where ¢« is absorption coefficient, n is semiconductor
refractive index, and W is film thickness. Although at
resonance frequency the absorption can exceed Lambertian
limit for 2D periodic grating, the broad band enhancement is
not as strong as GA-optimized structures. In the derivation of
Lambertian limit in (1), the transmission at front surface is
assumed to be unity and the front contact corrected
transmission(FFCT) Lambertian limit in Fig. 3 takes into
account the imperfect transmission at Air/ZnO/Silicon
interface. Although at the resonance frequencies the
absorbance of 2D periodic grating cell can exceed Lambertian
limit, the broad band enhancement is not as strong as GA-
optimized structures. This is due to the well-defined quasi-
guided-modes in 2D periodic structures and thus pronounced
absorption peaks are observed in spectral response.
Nonetheless, at frequencies other than resonance, the
absorption is much lower. Since it is difficult for guided mode
to exist over entire solar spectrum for a particular incidence
angle, a comprised but optimized random gratings provides
higher overall efficiencies. Planar cell in general shows

impedance matching characteristics at short wavelength where
peaked absorbance is seen when wave impedance is matched
through the solar cell stacks. It shows weak absorption at long
wavelength due to insufficient light scattering, resulting from
lack of large angle diffraction.
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Fig. 4. Transmission for (a) 2D grating (b) GA optimized quasi

4X4 random grating (insect) p-polarized Hx field at transmission
peak at A= 448.5nm.

At long wavelength portion of the solar spectrum, the
transmission is essentially very high due to impedance
matched nature. The impedance matched condition for ZnO
front contact assuming planar structure is:
A mA

+

2 n ZnO

2

thO 4nZ“0
where A is free space wavelength, nz, is ZnO refractive index,
and m is non-negative integer. For 2D-perioidic grating the
transmission is further improved at all wavelengths where a
broad band transmission is observed instead of a perfect
transmission at a single wavelength, as is the case of planar



structure. The lower transmission at short wavelength for both
Fig. 4 (a)(b) is due to two factors. First is directly from (2).
nzno 1S approximately equal to 2 and #7,0 =100nm, the first
impedance matched point is around A=800nm, and the second
is A=266.67 nm. Since there is no impedance matched point
around A=400nm-600nm, the transmission is lower at short
wavelength. The second reason is that the imaginary part of
dielectric constant (&) becomes higher at short wavelength,
which in turn lowers the transmission. The transmission peak
around A=448.5nm is unlikely the result of impedance
matching since there is no such points in this spectral range. It
is more likely due to strong waveguiding effect where the
ridged-geometry guides the incident wave into silicon slab as
illustrated in the insect of Fig. 4(b). The further broad band
transmission improvement of random grating over 2D
periodic grating is due to optimized geometry by GA.

IV. FIELD PROFILE AND WAVEGUIDING EFFECT

(a) (b)

Fig. 5.  P-polarized Hy field at (a)A=400 nm (b)A=473 nm (c)A=
818nm (d)A= 958nm at x=0.1um for GA- optimized random grating.

In Fig. 5 small penetrating depth is observed At short
wavelength. At A= 472.7nm, the absorption peak is due to the
Fabry-Perot type resonance, where pronounced layered field
profile is the evidence of coupling into guided resonant mode.
From 600nm-1000nm, broad band waveguiding effect is
observed, where the incident wave is guided by the geometry
of the grating structure into the silicon slab. It can be seen
from Fig. 5 that the normally incident wave is obliquely
penetrating into the silicon slab, which is the evidence of
strong waveguiding effect. Since the quasi-guided mode is
impossible to exist over entire spectral range, the randomized
grating is a compromised solution over the entire spectrum

and genetic algorithm is the way to find the integrated
absorption peak. The s- and p- polarized spectral response
shows similar absorptance due to the randomized nature. The
polarization independent behavior is desired for solar cell
application.

g
g
Z
b

Fig. 6. P-polarized Hy field at (a) =400 nm (b)A=515 nm
(¢)A=818 nm (d)A=921 nm at x=0.1um for 2D Periodic grating.

In Fig. 6 the field profiles for 2D gratings is shown for
comparison. Small penetration depth is also observed at short
wavelength. From Fig. 4, the transmission is lower for 2D
periodic grating, and thus its short wavelength absorption is
not as high as randomized gratings. The Fabry-Perot
resonance is observed at A= 0.8182 m, where the quasi-guided
mode is excited and the strong absorption peak exceeding
corresponding Lambertian limit is observed by spectral
response (Fig. 3(a)). Although the strong quasi-guided mode
peak can be excited, the broad band enhancement is not
comparable to optimized random reflector since broad band
waveguiding is not as pronounced. Besides, the field profiles
mostly preserve their normally incidence feature, and on the
contrary for random grating, the waveguiding makes the
normally incident wave obliquely penetrate the silicon slab,
which in turn facilitate total internal reflection.

VI. CONCLUSION

Genetic Algorithm is effective in optimization of random
reflector for solar cell application. The resulting geometry
shows broad band field enhancement in both short and long
wavelength region of solar spectrum. The enhancement in
GA-optimized structure is due to broad band transmission at
short wavelength and excitation of quasi-guided mode at long



wavelength. The encoding and evolutionary scheme presented
here can be applied to large scale fully optimized structure
where the resulting light trapping capability can exceed
randomly textured Lambertian limit due to the optimized
geometry specifically w.r.t. solar spectrum, in contrast to the
isotropic and randomness nature of Lambertian surface. The
practicability of large scale fully optimized binary random
grating is evaluated. It is pointed out that infinitely large mask
is unnecessary and the practical dimension of random mask
should only have to be large enough to make fringing effect
negligible.
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