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Periodic gratings on solar cell back reflectors are an alternative to randomly textured surfaces to
provide absorption enhancement. Theoretically, it is impossible to excite quasi-guided modes at
every wavelength for a given grating geometry and the broad band enhancement can only be
achieved by strong absorption peaks at several wavelengths. Therefore, the critical issue is how to
maximize the short circuit current using a limited number of discrete quasi-guided modes. In this
work, a common dielectric-semiconductor-dielectric-metal solar cell structure is investigated. It is
found that although the number of guided mode peaks has pronounced effect on the solar cell short
circuit current, the geometry resulting in the highest short circuit current does not coincide with the
geometry leading to the most supported modes. It is also found that high-Q modes are always
resulted from global optimization for TE incidence, while low-Q modes are resulted for TM
incidence on one-dimensional gratings without a dielectric spacer. Besides, a properly designed
and configured dielectric spacer can provide >40% improvement in short circuit current. It is
therefore suggested for solar cells with metallic back reflectors, dielectric spacer should be
included, and the texture should be formed on the dielectric spacer itself rather than on the metal.
Finally, the optimization of the mode quality is proved to be critical in all cases, in addition to the

number of supported modes. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4851817]

. INTRODUCTION

Periodic grating can enhance solar cell absorbance by
providing quasi-guided mode excitations.''* Nonetheless,
quasi-guided modes cannot exist over the entire solar spec-
trum 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 enhance-
ment is proportional to the number of guided mode peaks.*®
The work from the same authors later proposes a distinction
to the mode quality in terms of its overlap-integral.'> 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.’ 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 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'®
to maximize the short circuit current at light trapping
wavelength(Jsc 1), and the resulting spectral response is an-
alyzed and compared. The investigation is conducted for the
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absorption enhancement for TE and TM incidence, respec-
tively, since only TM incidence can excite surface plasmons
for one-dimensional (1D) gratings in two-dimensional (2D)
simulation domain if there is no dielectric spacer. The opti-
mization is repeated for several runs to confirm the result,
and very similar conclusion is arrived. For TE incidence, it is
found that the modes are mostly of diffractive nature. The
excited modes exhibit high-Q resonance and the air-dielec-
tric-semiconductor-metal essentially acts as a conventional
index-guided waveguiding structure. On the other hand, sur-
face plasmon (SP) has long been known for its broad band
emission®”?~'%!* capability. According to the study here,
the quasi-guided modes associated TM incidence on 1D gra-
tings 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 TE incidence.

Il. GEOMETRY AND PROBLEM SET-UP

In this work, the discretization of Maxwell’s equation is
carried out by two-dimensional finite element method, using
COMSOL Multiphysics software package.'” Periodic bound-
ary 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 p-i-n diode structure is assumed and 20nm
thick p and n layers are used here, which is a common thick-
ness for experimental thin-film silicon solar cells. The ab-
sorbance in i-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

© 2013 AIP Publishing LLC
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silicon generates electron-hole, while the absorbance in
metal leads to absorption loss. In addition, only the electron-
hole pairs generated in i-layer will be collected. The details
of the calculation can be found in Refs. 13 and 17-20. The
absorbance is calculated by integrating the power dissipation
in intrinsic silicon layer

E(F)[*dv

%stos"(i)
A= %JRe{E(?) x ﬁ*(?)} ds

S

ey

where o is the angular frequency, 4 is the free space wave-
length, & is the permittivity in vacuum, and &” is the imagi-
nary part of complex semiconductor dielectric constant. The
short circuit current at light trapping wavelength,
JscL1(600nm—-1000nm) is calculated by averaging A(4)
weighted by AM 1.5 solar spectrum

JSC,LT = C]th;Q(ﬂ)A(})d;{, (2)
where Q(4) is AM 1.5 solar spectrum in unit of
Js'em™2 nm_l, h 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 ge-
ometry for the periodic grating on the solar cell back reflec-
tor. It is chosen due to the fact that the genetic algorithm has
been proved to be very effective in different engineering
fields.>'>* During the optimization procedure, the objective
function is defined as the short circuit current at light trap-
ping wavelength (Jsc 1), 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 objec-
tive 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
Jsc.Lt, the number of qausi-guided modes for each individ-
ual (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 these results are included in Secs. III and IV.
The first structure under study is a silver back reflector
directly in contact with silicon with a 1D grating in 2D simu-
lation domain. Both TE and TM polarizations are used to
study the respective quasi-guided mode excitations, as illus-
trated in Fig. 1. Using TM polarization in 2D simulation
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domain to study the plasmonic structures has been employed
in literature.>? Afterward, the effect of dielectric spacer is
studied to reveal the effect of dielectric shielding on the sur-
face plasmonic absorption, for TM polarization. It should be
noted that surface plasmon polaritons (SPP) can only be
excited for TM incidence on 1D gratings without a dielectric
spacer, while TE polarized light cannot.>*> In addition, the
inclusion of a dielectric spacer in general eliminates the pos-
sibility of SPP excitations and therefore can reduce metallic
absorption loss.

The study is arranged as follows: First, the relationship
between quasi-guided modes and absorption enhancement is
conducted, for TE incidence and TM incidence on a 1D gra-
ting without a dielectric spacer, respectively. Afterward, the
usage of dielectric spacers on mitigating surface plasmon
absorption and its effect on the optimal quasi-guided mode
excitations are assessed for TM polarized light. For the gen-
eralization to solar cells in three-dimensional (3D) domain,
the TE incidence is more related to the solar cells with
dielectric mirrors where all of the excited modes are of
purely diffractive nature. For TM incidence, it is more
related to thin-film solar cells with 2D-textrued or 2D-grated
metallic back reflectors. For 2D metallic texturing/grating in
3D domain, if there is no dielectric spacer, the excitation of
SPP is possible for both polarizations. As a result, the SP
absorption has to be mitigated by a dielectric spacer for both
polarizations.

The film thickness is 0.3 um and poly crystalline sili-
con (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 trap-
ping effect. This is similar to Yu ez al.® where 3 um crystal-
line 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 but 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 pa-
rameters 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 re-
gime for silicon solar cells where the quasi-guided mode
excitation is critical. The material refractive index and
extinction coefficient is from Rsoft material database*® and
literature.?’ % The central processing unit (CPU) runtime

FIG. 1. The set-up for investigating TE
incidence and TM incidence on one-
dimensional gratings in two-dimensional
space.
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FIG. 2. The statistics of global optimization for TE diffractive absorption
enhancement. (Left) Evolution of the short circuit current as the optimiza-
tion proceeds. (Right) Evolution of the number of quasi-guided mode peaks
as the optimization proceeds.
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for a single optimization run is around 72 h using Intel
quad-core Xeon 3.1 GHz processor. It is worth mention that
1D grating or texture is in 2D simulation domain, and 2D
grating or texture is in 3D simulation domain. In the para-
graph 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.

lll. ABSORPTION ENHANCEMENT FOR TE
INCIDENCE WITHOUT A DIELECTRIC SPACER

The optimized geometry for the highest short circuit cur-
rent at light trapping wavelength (Jsc 1) is A=0.5 um, fill
factor (FF)=0.24, hg=0.07 um, and 6=12.91° for the
absorption enhancement at TE incidence. The front ZnO:Al
thickness(tgon:) 18 80 nm, which is a common thickness value
for experimental thin-film silicon solar cells. The same front
ZnO:Al thickness is used for other studies in this paper. The
optimized highest short circuit current at light trapping
wavelength (Jsc 1) is 7.69 mA/cm? with respect to AM1.5
spectrum. The evolution of the number of quasi-guided
modes and the short circuit current at light trapping wave-
length (Jsc 1) is plotted in Fig. 2, and the spectral response
is plotted in Fig. 3. From Fig. 2, it is observed that Jsc 1
increases monotonically. The monotonically increased
JscLr with optimization is trivial since Jgc Lt is defined as
the objective function during the optimization. The number
of quasi-guided modes also increases with the optimization
but it has overshoots during optimization. The increased
number of the quasi-guided modes during optimization indi-
cates that the number of supported modes indeed has a sig-
nificant effect on solar cell absorbance. Nevertheless, the
overshoots imply that the structure supports the most modes
might not lead to the highest Jgsc 1. This point becomes
clearer by plotting the spectral response of the highest Jsc L1
individual and the most guided mode peak individual during
optimization in Fig. 3. In the left of Fig. 3, the optimal indi-
vidual is plotted. If the optimization is effective, this is the
highest Jsc L1 geometry, but its supported guided modes are
less than the spectral response at the right of Fig. 3, which is

Most Guided Mode Peaks

(15 peaks)

—Si Absorbance

0.8- -=-=-Metal Absorbance.

0.6-

0.4-

Absorbance
Absorbance

0.2-

N

05

—Si Absorbance
Metal Absorbance

FIG. 3. The spectral absorbance of the
silicon film for TE incidence after opti-
mization with respect to short circuit
current at light trapping wavelength.
(Left) The spectral response for the
highest short circuit current. (Right)
The spectral response for the most
quasi-guided modes peaks during
optimization.
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a structure supporting more modes. In fact, the most guided
mode geometry is an individual that the optimization proce-
dure has been going through (evaluated) but not converged
into. This indicates that the number of modes is not the
solely concern for high short circuit current. As a result, the
conclusion can be drawn that the optimized geometry that
gives the highest Jsc 1 does not coincides with the geome-
try that leads to the most quasi-guided mode excitations, and
the optimization of the mode quality factor(Q-factor) is
essential. The optimized incident angle is slightly deviated
from the normal direction, consistent with the previous
study.? In a general trend, J sc.Lt decreases with the incident
angle since the effective incident power coupled into the so-
lar cell is scaled with cos@ along the line of geometrical
optics. This is also easily conceivable from elementary earth
sciences. Nonetheless, oblique incidence is beneficial for
photon in-coupling into the Bloch propagation guided
modes, and the joint effect results in that the optimal angle
slightly deviates from the normal incidence where the opti-
mal balance between effective incident power and Bloch
waveguiding is achieved. From the spectral response in Fig.
3, it is observed that high-Q diffractive resonance is resulted
for the optimized geometry for the highest Jgc 1. This indi-
cates that for the TE incidence, the most effective way to uti-
lize diffraction and index-guiding is managing to attain
narrow band absorption peaks within the spectral range of in-
terest. This point will become even clearer in Sec. IV where
the optimized spectral response for the TM incidence on 1D
gratings without a dielectric spacer is shown for comparison.
In reality, only dielectric mirror can completely eliminate SP
absorption, such as distributed brag reflector (DBR) backed
solar cell. This is due to the fact that for real metallic back
reflectors, the texture or grating is most of the time
two-dimensional rather than one-dimensional, and the sur-
face plasmon absorption exists for both TE and TM polariza-
tion. It is found here that due to no SP absorption, TE
incidence on a 1D grating here can provide higher Jsc o,
compared to the Jscpr values of TM incidences with or
without a dielectric spacer. The results for TM incidence
will be revealed later in Secs. IV and V. Based on this obser-
vation, purely diffractive back reflectors such as dielectric
mirrors can potentially replace the conventional metallic
back reflectors for higher Jsc 1.

IV. ABSORPTION ENHANCEMENT FORTM
INCIDENCE WITHOUT A DIELECTRIC SPACER

The optimized geometry for TM incidence without a
dielectric spacer, with the objective function defined as short
circuit current at light trapping wavelength (Jscpr1), is
A=0.55um, FF=0.31, hg =0.06 um, and 0 = 7.24°. tgqpn 1S
fixed at 80 nm. The optimized highest short circuit current at
light trapping wavelength (Jsc L) is only 4.77 mA/cm? with
respect to AM1.5 spectrum. Similar to the previous study for
the TE diffractive quasi-guided modes, the evolution for the
number of quasi-guided modes and the evolution of the short
circuit current at light trapping wavelength (Jsc 1) is plotted
in Fig. 4. During the optimization, the samples with higher
short circuit current are searched and therefore the short

J. Appl. Phys. 114, 233104 (2013)
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FIG. 4. The statistics of global optimization for the absorption enhancement
for TM incidence without a dielectric spacer. (Left) Evolution of short cir-
cuit current as the optimization proceeds. (Right) Evolution of the number
of quasi-guided mode peaks as the optimization proceeds.

circuit current values show monotonic increase as illustrated
in Fig. 4. On the other hand, the number of quasi-guided
modes also shows significant overshoots during optimiza-
tion. As a result, for the absorption enhancement for TM
incidence, it is also found that the geometry leading to the
highest Jsc 1 does not coincide with the geometry giving
the most quasi-guided modes. What is different from the pre-
vious TE incidence is that now the quasi-guided modes are
not of diffractive nature. From Fig. 5, the spectral response
shows several low-Q resonance peaks, which can be attrib-
uted to the broad band nature of the surface plasmon excita-
tion at the metal-semiconductor interface. Surface plasmon
has long been known to be capable of broad band
emission®”?'*!* and as far as the broad band solar cell
application is concerned, this might promote photon absorp-
tion at broader bandwidth if the metallic absorption is prop-
erly reduced. The optimization on the grating geometry here
confirms that for the absorption enhancement for TM inci-
dence on 1D gratings without a dielectric spacer, the most
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FIG. 5. The spectral absorbance of the
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light trapping wavelength. (Left) The
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modes peaks during optimization.
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efficient way to trap the solar photons is using broad band
low-Q resonance peaks. From Fig. 5, the metallic absorption
loss is significant for TM incidence on 1D gratings without a
dielectric spacer due to SP excitations, especially at the long
wavelength portion of solar spectrum. While the metallic
absorption is inevitable as long as a metallic back reflector is
employed, it should be mitigated, possibly by a dielectric
spacer, in order to better utilize the advantage associated
with the plasmonic photovoltaics. For solar cells with 2D
texture or 2D grating in 3D domain, the SPP can exist for
both TE and TM polarizations, if there is no dielectric
spacer. Therefore, the direct contact of semiconductor-
metallic back reflector without a dielectric spacer is unlikely
to lead to a high absorbance, due to severe SP absorption.
The effect of metallic absorption and dielectric spacers will
be discussed in Sec. V.

V. ABSORPTION ENHANCEMENT FOR TM INCIDENCE
WITH A DIELECTRIC SPACER: GRATING ON THE
DIELECTRIC-SPACER (GDS) STRUCTURE AND
GRATING ON THE SILVER (GS) STRUCTURE

From Sec. IV, it is seen that the absorbance enhance-
ment for TM incidence on 1D gratings without a dielectric
spacer is significantly lower than the diffractive enhance-
ment for TE incidence due to metallic absorption. To
improve the silicon absorption by reducing metallic absorp-
tion, the Jgc L1 is now calculated for dielectric-spaced struc-
tures for TM incidence, and the geometry optimization is
carried out for the grating period (A), FF, grating height
(hg), incident angle (0), and dielectric spacer thickness (tg4),
as illustrated in Fig. 6. In theoretical papers, there are two
types of structure exist for dielectric spaced metallic back
reflectors:*>** One is GDS™ and the other is GS.** The GDS
structure is illustrated on the left in Fig. 6 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. 6 where a grating is formed on the silver
surface and then a conformal dielectric spacer layer is depos-
ited on silver. In experiment, GS structure is mostly

08 09 1
Wavelength (um)

conducted, and the practice is texturing the silver back
reflector before depositing the subsequent layers. Therefore,
the experimental structure is more similar to the GS struc-
ture. Nonetheless, it is going to be shown that the GS struc-
ture 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 opti-
mized geometry is A=0.67 um, FF=0.44, hg=0.15 um,
tgs=0.05 um, and 6=4.25°. For GS structure, the opti-
mized geometry is A =0.64 um, FF=0.26, hg =0.09 um,
tgs = 0.2 um, and 0 =4.41°. tyon, is fixed at 80 nm for both
structures. The optimized highest short circuit current at light
trapping wavelength, Jscr, is 6.79 mA/cm? for the GDS
structure, and 5.99 mA/cm? for the GS structure, which are
all higher than the case without the dielectric spacer for TM
incidence in Sec. IV (Jscr=4.77mA/cm?). The improve-
ment in Jgc 1 for GDS structure is 42.35%, compared to the
case without a dielectric spacer in Sec. I'V.

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 runs are also conducted, and
similar results are arrived. Therefore, the optimized geome-
try giving the highest short circuit current does not coincide
with the geometry leading to the most quasi-guided modes.
With the dielectric spacer, the metallic absorption is effec-
tively reduced and the optimized trade-off between SP exci-
tation and SP absorption leads to higher silicon absorbance.
Therefore, for the plasmonic structures in inorganic solar
cells, direct contact of metal-semiconductor, such as the case
in Sec. IV, 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”' in organic devi-
ces, the far field SP light scattering by metallic back reflec-
tors in inorganic semiconductor can be significantly
degraded by metallic absorption. The metallic loss is espe-
cially detrimental if a whole metallic back reflector is
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directly in contact with the semiconductor,1 compared to the
case where only small nano-scale metallic particles are
placed at the front or the rear side of the devices.” While a
lot of plasmonic structures possesses metal back reflectors
directly in contact with inorganic semiconductor is con-
ducted,'” 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 GDS itself is more
effective than the GS back reflector, different from the ex-
perimental practice were the metallic back reflectors are tex-
tured before the subsequent depositions. The higher Jsc 1 is
mainly because the GS structure tends to lead to more metal-
lic absorption, evident from the spectral response in Fig. 6.

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, if there is no dielec-
tric spacer. It is therefore suggested that for solar cells with
metal back reflectors, dielectric spacer should be included
and the texture should be formed on the dielectric spacer
itself to maximize short circuit current. In the cases where
purely diffractive dielectric mirrors are employed, high-Q
diffractive modes should be utilized to maximize the short
circuit current as evident from Sec. III. In addition, while
most of the experimental solar cells still employ metal back
reflectors, back reflectors with no SP absorption, such as
dielectric mirrors, can potentially provide higher photocur-
rent due to lower SP absorption loss based on the comparison
in this work.

Figs. 7 and 8 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. 6

Wavelength (um)

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 quasi-guided mode excita-
tion is also labeled in the photonic bandstructures at the right
of Figs. 7 and 8. The Bloch wavefunction for a periodic
structure can generally be written as

E(f’, ) = Re{ﬁ(f’)exp(—jl;moch . F’)exp(jcot)}7 3)

where E is the electric field, kgjocn 1S the Bloch wavevector,
o is angular frequency, ¢ is the time, and u is the periodic
modulation. The condition for the excitation of the
qausi-guided modes is

ko sin 6 = \/Jigg0 sin 0 = Kpioen, “4)

where k is the free space wavevector of the incident field, y
and ¢p are the free space permeability and permittivity,
respectively, and 6 is the incidence angle as illustrated in
Fig. 1. It should be pointed out that here the x-axis in the
photonic bandstructure is 0 rather than kg, and the con-
version between them is also established by Eq. (4).

The slope of the photonic band structure is the photon
group velocity

do  do (dkg,,,ch)l do 1 )

dkgioen  dO \_ db T d0kycos0

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 sig-
nificantly slower than its free space phase velocity and there-
fore the enhanced absorbance can be achieved.
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FIG. 7. (Left) The field profiles at the quasi-guided mode peak wavelengths for the optimized GDS structure. (Right) The corresponding photonic bandstructure.
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FIG. 8. (Left) The field profiles at the quasi-guided mode peak wavelengths for the optimized GS structure. (Right) The corresponding photonic bandstructure.
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VI. ABSORPTION ENHANCEMENT FOR TM
INCIDENCE WITHOUT A DIELECTRIC SPACER:
OBJECTIVE FUNCTION CHANGED TO THE NUMBER
OF QUASI-GUIDED MODE PEAKS

In order to further confirm that the geometry that leads
to the most quasi-guide modes does not coincide with the ge-
ometry that leads to the highest Jsc L, the objective function
of the optimization is now changed to the number of
quasi-guided mode peaks rather than the short circuit current
used in Secs. III-V. The expected result from the optimiza-
tion here is to give the geometry whose spectral response
shows the largest number of guided modes, and it is
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FIG. 10. The optimized spectral absorbance for TM incidence without a
dielectric spacer. The objective function is changed to the number of quasi-
guided mode peaks rather than the short circuit current at light trapping
wavelength.
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interesting to see if the spectral response giving the most
modes can lead to very high short circuit current. The opti-
mized geometry is A=0.75um, FF=0.53, hg =0.06 um,
and 0 = 10.08°; tgon 1s fixed at 80 nm. Fig. 9 again shows the
statistics for the optimization run. Now the number of
quasi-guided mode peaks increases monotonically during the
optimization, but the short circuit current shows an initial
increase and then quickly saturates to 3.73 mA/cm? with sig-
nificant overshoots. The Jscp1r=3.73 mA/cm? corresponds
to the most guided mode geometry, and the overshoots indi-
cate that there exists higher Jsc pt individuals but with fewer
supported modes. Fig. 10 shows the corresponding spectral
response for the geometry optimized with respect to the
number of modes. The total number of quasi-guided mode
peaks is around 15, significantly higher than the peak number
of the spectral response for the previous study in Sec. IV.
Nonetheless, the Jscpr for the spectral response optimized
with respect to the number of modes is only 3.73 mA/cm?,
much lower than the value obtained in Sec. IV
UscLr=4.77 mA/cm?). Therefore, it can be concluded that
when using periodic gratings to excite quasi-guided modes
to enhance the broad band solar cell absorbance, the number
of excited modes is not the solely concern. The resonance
strength, the Q-factor, and the guided mode location in the
spectrum are all playing critical parts in determining the final
short circuit current value.

Vil. CONCLUSION

This work shows that although the number of quasi-
guided mode peak has a pronounced effect on the solar cell
short circuit current, quality factor and the location and the
strength of the guided modes also play important roles in
determining the final short circuit current value. It is found
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that the geometry leading to the most guided modes does not
coincide with the geometry leading to the highest short cir-
cuit current. For TE incidence, high-Q diffractive peaks are
the most efficient way to increase broad band absorbance.
On the other hand, for TM incidence on 1D gratings without
a dielectric spacer, low-Q modes are always resulted from
the global geometry optimization, reflecting the broad band
emission nature of surface plasmon photonics. For dielectric-
spaced structures, it is surprising that the optimized grating
or surface morphology on the dielectric spacer itself is
actually more effective for the absorbance enhancement,
compared to the optimized grating or morphology on the me-
tallic back reflector. This finding contradicts to most of the
experimental practices where the metallic back reflector is
textured before the subsequent deposition. With dielectric
spacers, Jsc Lt can be elevated >40% after proper geometry
optimization due to reduced SP absorption. It is suggested
for solar cells with metal back reflectors, dielectric spacer is
indispensible, and the texture should be formed on the
dielectric spacer itself rather than on the metal. In the cases
where purely diffractive dielectric mirrors are employed,
high-Q modes should be utilized to maximize the short cir-
cuit current. Finally, the optimization of the mode quality is
proved to be critical in all cases, in addition to the number of
supported modes.
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