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Abstract: The newly discovered graded photonic super-crystal (GPSC) with a large size of unit cell
can have novel optical properties that have not been explored. The unit super-cell in the GPSC can
be designed to be large or small thus the GPSC can have no photonic band gap or several gaps. The
photonic band structures in Si GPSC can help predict the light absorption in Si. The photonic
resonance modes help enhance the absorption of light in silicon, however, photonic band gaps
decrease the absorption for light with a large incident angle. The Si device patterned in GPSC with
a unit super-cell of 6ax6a (a is a lattice constant in traditional photonic crystal) has a broadband high
absorption with strong incident-angular dependence. The device with the unit super-cell of 12ax12a
has relatively low light absorption with weak incident-angle dependence. The Si GPSC with a unit
super-cell of 8ax8a combines both advantages of broadband high absorption and weak dependence
of absorption on the incident angle.

Keywords: light trapping; graded photonic super-crystal; micro- and nano-structured materials;
photovoltaic devices; silicon

1. Introduction

Traditional photonic crystal (PhC) is a periodic dielectric nano/micro-structure [1-6] with a
photonicband gap and a small size of unit cell, such as a single-size Si rod in air for a two-dimensional
(2D) PhC. In the past, intensive researches have focused on the design and fabrication of PhCs [1].
The second-generation PhC has a unit cell of super-lattice, such as two or several different sizes of
dielectric or metallic structures in air [7-11]. The PhC with a super-lattice unit cell can have a broad-
band optical property for broad-band applications [7-11]. The design of PhC with a large size of unit
cell was limited by the computation power of a computer CPU in the past. Now the design of PhC
with a very large size of unit cell (i.e. super-cell) with graded size of rods in air is possible through
parallel computations in cloud-based virtual computers [12-16]. We titled such a PhC as a graded
photonic super-crystal (GPSC) [12-17]. The graded square-symmetric lattices form a cluster that can
be arranged in 4, 5, or 6-fold symmetries [12-13]. A unit cell larger than 12ax12a (a is the period of
traditional PhC) can be fabricated [12-14].

The PhC has been used to enhance the light absorption in thin film silicon [2-6] besides methods
of using plasmonics [18], nanowire based solar cell [19-20] and nanocone surface structuring [21-22].
The traditional PhC pattern in Si has enabled enhanced light coupling and trapping capability with
a series of sharp Bloch mode resonances [2-6]. Using the superlattice or super-cell PhC, a broadband
light absorption can be achieved due to many diffraction orders provided by the PhC [7-11, 17, 23-
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24]. The sharp Bloch resonance peaks in the light absorption in Si patterned with the traditional PhC
can be smoothed by incorporating a certain number of defects in the PhC [25-26]. By one step further
from using pillar Si [27], Si patterned with quasi-random structure can have a broadband, wide
incident-angle independent light absorption enhancement due to the availability of complex Fourier
spectra for light coupling in the quasi-random structure [28-32].

In this paper, photonic band structures in the GPSC with different unit super-cell sizes was
systematically studied. The light absorption in Si patterned with GPSC with different super-cell sizes
was simulated. The simulation predicted that a broadband enhanced light absorption with a weak
incident-angle dependence can be obtained in Si devices patterned with GPSC with a unit super-cell
size of 8ax8a.

o TM 6ax6a 8ax8a 12a>< 12a
% 07 I"Iiiiii"n|l|”|'"'|"|l!||"l| |I"'| "'i|| lllll
(a)zwzv s [ LAl I 06 ||| llll" ]||m|||" il “Il
SRR TR o I
deOeo o0 *eQe0eo Qe g
}0ceccccscnoavacnccscsen:
Jeososcccocsosoeccsssocoec o 04
| $80604 poamanaannen Soaady EOS
Jeoeo © 00 &) 4Oa 00 O ©e0 e i
. . ' . 00000
: S e M T X M T© T X M T
b 12 ] te0as (b) Wave vector (c) Wave vector Wave vector
° 1
. 1. 6ax6a 8a><Sa 1Za><12a

H!lltll!l

i
I

nmwnu

|| i

||u|l|||||||l|lv|||l|

g

|||hu|m!" i

llHluIH

it ,
X IT X M F'E M E
(e) ‘Wave vector (/) Wave vector (g) Wave vector

Fig. 1. (a) Simulated 8-bean interference pattern with a threshold I=0.35%Imax. The purple, gold and
red squares indicate the size of 12ax12a, 8ax8a, and 6ax6a (the lattice constant a= Al), respectively,
that was used as a unit cell in Si GPSCs. (b-d) Simulated photonic band structures in TM modes for Si
GPSCs with a unit cell of 6ax6a, 8ax8a, and 12ax12a, respectively. (e-g) Simulated photonic band
structures in TE modes for Si GPSCs with a unit cell of 6ax6a, 8ax8a, and 12ax12a, respectively.

2. Photonic band structures in GPSC with different unit cell sizes

The GPSC can be obtained from the holographic fabrication by exposing the photoresist to the
multi-beam interference pattern or using the interference pattern as an input for pattern writer for e-
beam lithography. As shown in Fig. 1(a), the interference intensity, I(r), is determined by Eq. 1, due
to the eight beams.

I(r)—(ZEZ(r t))+ZEEeL ejcos|(k; — ki) -7 + (8; — 8)]. @))
i<j
where E is the electric field, e is the electric field polarization, k is the wave vector, and 6 is the initial
phase. These eight-beams are separated into two sets of interfering beams. One set of interfering
beams with a same intensity of Ii is arranged periodically in a cone and their wave vectors can be
written as: {k1, k2, k3, kd}={k(sin(ou)cos45°, sin(a1)cos45°, cos(ou)), k(-sin(a)cos45°, sin(ou)cos45e,
cos(ou)), k(-sin(ou)cos45e, -sin(au)cos45e, cos(au)), k(sin(ou)cos45, -sin(ai)cosd5°, cos(au))}. Their initial
phases are set to be Ox, 1n, On and 1n, respectively. The other set of interfering beams with a same
intensity of I» is arranged periodically in a cone with a much smaller cone angle of a2 than cu and
their wave vectors can be written as: {k5, k6, k7, k8}={k(sin(o2)cos45°, sin(az)cos45e, cos(az)), k(-
sin(az)cos45e, sin(az)cosd5e, cos(az)), k(-sin(oz)cosd5e, -sin(az)cosd5e, cos(az)), k(sin(oz)cos45°, -
sin(a2)cos45e, cos(az))}. Their initial phases are set to be zero. Due to the big difference between a2
and o, these eight-beam interference pattern can be approximately understood as the square lattice
with a small period of A=27/(k sin(ou) cos(45)) due to {k1, k2, k3, k4} modulated by beams of {k5, k6,
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k7, k8}. The modulation occurred over a length of A>=2n/(k sin(az) cos(45)). The ratio of Az/A:
determines the size of unit cell as an example in Fig. 1(a) for a unit cell of 12A1x12A: (the lattice
constant a= A1). The longer the Az the smaller the gradient of the lattice modulation.

There are two methods for obtaining the unit cell (for example for 6A1x6A1) for a GPSC. One
method is to generate an interference pattern with A2/A1=6 and the GPSC can be fabricated by laser
interference lithography or e-beam lithography. The second method is to generate an interference
pattern with A2/A1=12 then cut out a unit cell of 6A1x6A1in solid red square in Fig. 1(a) as an input for
E-beam pattern writer. The unit cell of 6A1x6A1in Fig. 1(a) has a smaller gradient in the circle size than
that in the unit cell of directly generated interference pattern with Az2/A1=6.

Photonic band structures have been calculated in GPSC with a unit cell size of 6ax6a, 8ax8a and
12ax12ain solid red square, dashed gold square and solid purple square, respectively, in Fig. 1(a)
with a= Ai=350 nm. The interference pattern I(r) is converted into binary silicon/air structure: when
I(r)235% Imax (Imax is maximum in I(r)), e(r)=dielectric constant of silicon; when I< 35%Imax, &(r)=1 (air).
Photonic band structures were computed by using MIT MEEP Harminv software package [33] via
the Simpetus Electromagnetic Simulation Platform in the Amazon Web Services through parallel
computations in multiple-core virtual machine. Because crystalline Si is used in 90% solar cell market
share, the dielectric constant (both real and imaginary parts) [34] of crystalline silicon is used in the
simulation. Figs. 1(b,c,d) show photonic band structures in TM modes in Si GPSC with a unit cell
6ax6a, 8ax8a, and 12ax12a, respectively. Figs. 1(e,f,g) show photonic band structures in TE modes in Si
GPSC with a unit cell 6ax6a, 8ax8a, and 12ax12a, respectively.

As seen from Figs. 1(b-g), there are several photonic band gaps in Si GPSC with a unit cell 6ax6a
while the band gap is almost closed in the one with a unit cell 12ax12a in the frequency a/A ranges of
(0.4, 0.8) for both TE and TM modes. The photonic band gap decreases the light absorption. Because
lattices of 6ax6a is inside 8ax8a, the light absorption in Si with these two unit cell sizes can show
absorption dips at similar wavelength locations. In Figs. 1(b) and 1(e), there are discrete photonic
bands for Bloch resonance modes that will enhance the light absorption in Si GPSC with all three unit
cells. It can be predicted that the light absorption in Si GPSC with a unit cell of 12ax12a is less than
that in 6ax6a because lattices of 6ax6a occupy a quarter of 12ax12a lattices, and there are photonic
band gaps in 6ax6a region and the band gap is almost closed in other 3 quarters of 12ax12a region
When the incident angle is increased, the light has a stronger interaction with the photonic band gap
in x-y plane than the normal incident light because the propagation of x-y component of the light is
prohibited by the band gap. The photonic band structures predict that the light absorption has a
stronger incident angle dependence in Si GPSC with a unit cell of 6ax6a than that in 12ax12a.

100
(a)
»/350 nm o
1 —30nmS
| 100 nm§7o X-Polarization
=]
2 .
Si=400nm 9 IS s Y-Polarization "
2 $ | Traditional PhC
ITO=100 nm o
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Fig. 2. (a) Schematic of a silicon device patterned with a GPSC with a unit cell of 6ax6a (a = 350 nm).
The dashed yellow indicates the top PEDOT:PSS film for a device application. (b) Absorption spectra
for light (x-polarization) incident at 0 degree onto the silicon device patterned with GPSC, and with a
traditional photonic crystal in regular square lattice. (c) Absorption spectrum for light incident at 0
degree into the device in (a) for light with X, y and x-y polarizations. (d) Absorption spectrum for x-
polarized light incident at 0 degree into the GPSC silicon same as the one in (a) but a = 340 and 330
nm.

3. Broadband high light absorption in Si device patterned in GPSC
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Light absorption in the silicon patterned in GPSC was simulated. Fig. 2(a) shows a silicon device
which can be potentially used as a solar cell. The 50 nm Ag was used as a reflector. 50 nm was used
for a comparison with others [25]. The result is slightly different if 100 Ag is used. 100 nm ITO (n=1.8)
was above the Ag film. The imaginary part of refractive index of ITO was not included for the purpose
of studying the light absorption in silicon. GPSC with a unit cell 6ax6a (a=350 nm and a groove depth
of 100 nm) is patterned on 500 nm Si substrate as shown in Fig. 2(a). The dielectric constant (both real
and imaginary parts) [33] of crystalline silicon was used. In the simulation, the interference intensity
I(r) in Fig. 1(a) is converted to Si if the I(r) is larger or equal to the threshold of 35% of maximum
intensity (the same method that was used for the photonic band structure simulation in previous
section). The GPSC can be stuck into PEDOT:PSS film for electrical contact for solar cell device [35].
In this paper, we simplified the device to study the relationship between the unit cell size and the
enhanced absorption in Si. Thus we put 30 nm material (yellow rectangle on top in Fig. 2(a)) with a
refractive index of 1.8 above the Si rod and air in other regions. The simulations of light absorption
were also performed using MIT’s MEEP software tool [32] via the Simpetus Electromagnetic
Simulation Platform in AWS. Absorption=1-R-T. Because T=0 due to the Ag reflector in the device,
the absorption was obtained from the reflection data.

Fig. 2(b) shows light absorption both in the Si device patterned with GPSC and with the
traditional PhC in regular square lattice. The parameter of traditional PhC was chosen in such a way
that the Si device patterned with PhC has a similar absorption profile as that with GPSC (i.e. rising
absorption starting from 450 nm and decreasing absorption above 710 nm in Fig. 2(b)). The absorption
difference in Fig. 2(b) is very clear: multi-peak absorption is observed in the device patterned in
traditional PhC while a broad-wavelength high absorption is observed in Si device patterned with
GPSC. Fig. 2(c) shows light absorption both in the Si device in Fig. 2(a) for normal incident light with
a polarization in x-direction (blue line), y-direction (red triangles) and x-y polarization (45 degrees
relative to x) (black circles). Due to the square symmetry in the unit super-cell of 6ax6a, it is expected
that the absorption for light in x-polarization is same as that in y-polarization as shown in Fig. 2(c).
The absorption for light in x-y polarization is almost same as that in x-polarization except that
between 710-770 nm. Usually the absorption spectrum for x-y polarization should be a linear
combination of those for x and y polarizations. The difference is probably due to the dual lattice in
GPSC and the photonic band gap effect because 710-770 nm (frequency a/A of 0.49-0.5) is within the
band gap in Fig. 1(b) and 1(e). The photonic band gap can be considered as a diffraction grating effect.
The light in x-y polarization is along each lattice direction of GPSC with dual sets (high intensity set
and low intensity set in Fig. 1(a)) of lattice basis thus it has a higher diffraction efficiency than these
in x or y-polarization with alternate high and low intensity lattice in Fig. 1(a). Due to broad spatial
frequencies in Fourier spectrum in the graded, large size unit super-cell, the absorption is in
broadband from 500 to 650 nm for light incident at 0 degree into the Si device patterned in GPSC.
There are absorption dips below 500 nm, around 595 nm, above 660 nm and below 780 nm. These
dips might be caused by the photonic band gaps above 0.71, between 0.56 and 0.59, and between 0.44
and 0.53 for a/A in Fig. 1(e), that are corresponding to the wavelengths below 493 nm, between 593
and 625 nm, and between 660 and 795 nm, respectively. If the lattice parameter a is decreased from
350 to 340 nm, wavelength in a/A for one of photonic band gaps a/A in Fig. 1(e) (above 0.71) is
approximately shifted from “below 493 nm” to “below 479 nm”. As expected, the starting wavelength
for the strong absorption is shifted to 480 nm as shown in Fig. 2(d). When a=330 nm, the threshold
wavelength for the strong absorption is blue-shifted further to 470 nm in Fig. 2(d).

4. Unit cell size effect on the light absorption in Si device patterned in GPSC

Figs. 3(a-c) show simulated light absorption for s-polarization light incident at 0 and 10 degrees onto
Si device patterned with GPSC with a=350 nm but with a unit super-cell size of 6ax6a, 8ax8a and
12ax12a, respectively. For the light incident at zero degree, the absorption between 500 and 600 nm
in Fig.3 (b) in Si device patterned with GPSC with a unit cell of 8ax8a is almost same as that with a
unit cell of 6ax6a in Fig.3 (a) while the device with 12ax12a (Fig. 3(c)) has smaller absorption than
these in Fig. 3(a) and 3(b). These results are in agreement with the prediction from the discrete band
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analysis in photonic band structure in previous section. For zero-degree incident light, the absorption
dip locations in Si GPSC with a unit super-cell size of 8ax8a in Fig.3 (b) is almost same as that in Fig.
3(a) with a unit cell of 6ax6a as expected. The photonic band gap effect on the absorption are almost
same for both unit cell sizes of 6ax6a and 8ax8a as predicted in previous section.
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Fig. 3. (a-c) Simulated light absorption in Si device patterned with GPSC with a unit super-cell size of
6ax6a (a), 8ax8a (b) and 12ax12a (d) (a=350 nm), respectively. (d) Shows the absorption from s-
polarization and p-polarization light incident at 10 degrees for Si device patterned with GPSC with a
unit super-cell size of 6ax6a. (e) Average light absorption between 500-650 nm as a function of incident
angles.

Fig. 3(d) shows the light absorption in Si GPSC with a unit cell size of 6ax6a for s-polarized and
p-polarized light incident at 10 degrees. The absorption for both polarizations are almost same. Figs.
3(a, b,c) show angle dependent absorption for s-polarization only. As seen in Fig. 3(a), the absorption
between 500 and 550 nm is reduced for light incident at 10 degrees onto Si device patterned with
GPSC with a cell of 6ax6a. The absorption in 8ax8a in Fig. 3(b) is reduced in a narrow range between
500 and 520 nm for the incident angle of 10 degrees while the absorption in 12ax12a in Fig. 3(c) is
almost same for both incident angles. Fig. 3(e) shows the average absorption between 500 and 650
nm for Si device patterned with GPSC with a unit cell size of 6ax6a, 8ax8a and 12ax12a, respectively,
as a function of incident angles. The Si device with 6ax6a unit cell has a strong absorption but also a
strong dependence on the incident angle (95.9% at zero degree and 85% at 30 degrees). The Si device
with 12ax12a unit cell has a weak dependence on the incident angle but has a relatively weak
absorption also (91.5% at zero degree and 88% at 30 degrees). However, the Si device with 8ax8a unit
cell combines both advantages of strong absorption and weak dependence of absorption on the
incident angles (95% at zero degree and 91.3% at 30 degrees). The weak dependence of absorption in
Si device patterned with GPSC with a large unit cell can be understood from the following equation:

21 5 5 T

TfonSi+(1—f)xnair—Tsm(G)=G (2)

where nsi is the refractive index of silicon, nair is the refractive index of air, f is the fill fraction of silicon
in the GPSC, A is the wavelength in free space, and G is the reciprocal lattice vector. Due to a larger
silicon filling fraction distribution in GPSC with a larger unit cell, the light can be coupled into Si
GPSC in a larger angle range. Thus for solar cell application, the Si GPSC with a unit cell size of 8ax8a
can be used (the real solar spectrum has not been considered and weighted in for the calculation of
the average absorption in Fig. 3(e)). In a wide wavelength range between 450 and 700 nm, the average
absorption is 83%, 83% and 81% at zero degree incident angle and 74%, 80% and 77% at 30 degrees
for Si device patterned with GPSC with a unit cell of 6ax6a, 8ax8a and 12ax12a, respectively. Again
the Si device patterned with GPSC with a unit cell of 8ax8a has a high absorption and weak angle
dependence.
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(x-z cross-section)

Fig. 4. (a) Schematic of x-z cross-section of Si device patterned in GPSC with a unit cell of 6ax6a at y=0.
C and d indicate the locations in z-direction for obtaining the x-y cross-section in (c) and (d). (b) E-
field intensity of x-polarized light incident at zero degree onto GPSC patterned Si device in x-z cross-
section corresponding to (a). Dashed red lines indicate the boundary between Si and air inside the Si
GPSC. Dashed yellow line indicates one of light propagation path. (c-d) E-field intensity in x-y cross-
section in Si at z-direction locations corresponding to c and d in (a), respectively. White circles indicate
the location under the GPSC Si.

E-field intensity in the Si GPSC device helps understand the simulated absorption and the light-
matter interaction inside the device. Fig. 4 shows the E-field intensity in the Si device patterned with
the GPSC with a unit cell of 6ax6a (a=350 nm). Fig. 4(a) shows the device cross-section in x-z plane at
y=0 and Fig. 4(b) shows the E-field intensity in x-z plane at y=0. As seen from Fig. 4(b), the light is
diffracted into the device by the GPSC and one of light propagation directions is indicated by a
dashed yellow arrow. Thus the GPSC helps coupling of free-space light into Si. Figs. 4(c) and 4(d)
show E-field intensity for x-polarized light in x-y plane at locations of (c,d) as labeled in Fig. 4(a). In
Fig. 4(c), the E-field intensity in a region below GPSC forms well-defined patterns due to the
diffraction of GPSC (or due to leaky modes in Si GPSC). E-field intensity in Fig. 4(d) become weak in
the middle relative to these at the top/bottom edges due to the absorption of light after it propagates
deep into Si. Due to the gradient GPSC structure above the device, the absorption has a gradient
distribution in y-direction for x-polarized light.

5. Conclusions

In summary, photonic band gap in GPSC has a strong effect on the absorption in Si device patterned
with GPSC. A strong absorption over a broad spectral and angular range has been predicted in Si
device patterned with a GPSC with a unit cell of 8ax8a (a=350 nm). Photonic band structures, gradient
filling fraction of Si in GPSC, and resonance modes have all played roles in the broadband light
absorption in Si.
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