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Abstract

In this dissert, we want to study the improvement of light trapping mechanism
due to grating grown its surface in order to achieve higher efficiency at higher
incidence. Firstly, we adopt a numerically stable mathematical calculation called
rigorous coupled-wave analysis, RCWA, to optimize the profile of grating structure.
Then we realize it onto real-InGaP/GaAs/Ge llI-V MJ solar cell. Lastly, the
efficiencies will be measured-under standard AM1.5G solar spectrum at various
incidences.

In general, the experiment results..of-samples with grating present higher
efficiency than those without. Better performance can also be achieved at larger
oblique incidence. Surprisingly, the efficiencies follow the trend of transmittance
rate as RCWA has estimated. Although it is quite complicated to judge the relation
categorically; we can still attribute the improvements of increasing photon
penetrating to grating mechanisms. As a result, if we can find another more
effective and less costly way during fabrication process, the contribution of this
light trapping structure could be widely extended due to the light tracking system

and terrestrial applications have become more prosperous in recent years.
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Chapter 1
I ntroduction
Solar energy absorbed by land and oceans on Earth is308®x 16° . in

one year. Comparing with the approximate amount of ener@yx 1G° .

human needed in a year, it is assumed to be the most renewable green energy in
the aspect of environmental protection and has aroused many attentions during
crisis of energy shortage in recent years. Many researches have been aiming at
finding more sufficient and costless ways to effectively utilize this broadly
distributed solar spectrum. IlI-V multi-junction (MJ) solar cell has long been
known for its high conversion-efficiencies for its absorption regions can be
separated into several subcell-among different span of wavelength. Within each
subcell, light and be .absorbed more effectively without wasting too much
photon energy as thermal dissipation than single junction do. Also its efficiency
beyond the Shockley-Queisser.theoretical limit for single band gap has been
achieved. In addition, IlI-V materials not only obtain direct band gap and high
absorption coefficient which shorten the absorption length, it also has the
suitable band gap energy which is close to optimum according to theoretical
estimation [1].

The dramatic reduction of fabrication cost due to the advancing
development technologies makes IlI-V MJ solar cells attract more attention on
both spatial and terrestrial applications. Research studies have been done on
either improving lattice disorder and current mismatch on metamorphic material
[2-4] or increasing photon flux density within solar cell [5-8]. Many of them

have successfully enhanced efficiency by putting textured periodic structure or



roughing the surface in the way to optimize the utilization of trapped light. With
most of the works had been done on Si based wafer, seldom of researches can be
found onto IlI-V compound solar cell. Therefore, we are interested in
investigating surface mechanisms on 1lI-V MJ solar cells. This mechanism has
demonstrated to have broadband and oblique anti-reflection characteristics
called sub-wavelength surface relief gratings [9-11] by using numerically stable
mathematical approach called Rigorous Couple-Wave Analysis (RCWA) which
can be applied to solve the surface-relief and multi-layer grating structures
[12-15]. In the following chapter we apply RCWA as a tool to optimize the

profile of surface relief gratings and realize it by using dielectric materials

SiO, and Sj N onto actual GaAs/InGaP/Ge 11I-V MJ solar cell.

1.1Basic Principle of Solar Cell

|-V characteristic

Solar cell is a pn junction semiconductor with zero bias applied externally
and can deliver electrical power when the generation of electron-hole pairs

inside depletion region is swept by internal electric field (figure 1.1). The
absorption of photons with energy larger than threshold, the bark] gefeates
electron-hole pairs and generates the output reverse-bias ¢urréigure 1.2 is

the schematic photon-generated carrier process inside depletion region. It then

produces a forward bias V back onto the cell when passing through the load in

which induces the ideal diode currdnt, following the ideal diode equation in

forward-bias direction. The total photovoltaic current is referred to as: [16]



a = Io[eXp(%)_ 1] 1.1

The parameterl, is defined as ideal reverse saturation bias current.

AN

Figure 1.1 The circuit of pn-junction-solar cell with external load

Figure 1.3 shows the equivalent one diode model circuit inside semiconductor

when taking parasitic the series resistaRcaand shunt resistandg,, into

consideration [17]The characteristic of ideal diode equation with two
resistances can be represented:

_V-IR q(v Fg)
R

+lfexpl——1-1 (1.2)

R, accounts for the ohmic losses due to metallic contact is usually assumed to

be zero in ideal case anR,, relates to the current leakages by defects during

process or interconnection is regarded as infinity. By studying the electrical
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properties allows us to extract more detail parameters of solar cells. Some
reports even suggest two-diode model circuit is more suitable in describing the

behavior its performance [18,19] which is beyond the scope of our discussion.
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Figure 1.2 Photon-generated carrier Figure 1.3 Equivalent circuit with parasitic
process series R and shuntR, resistance
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Sandard test condition
The attenuation of solar spectrum by scattering and absorption of

atmosphere is qualified by so called “Air Mass” defined as figure 1.4:

AirMass=

cosd (1.3)

S
The standard test condition (STC) for solar cells is the Air Mass 1.5G spectrum
(figure 1.5) designed for flat plate modules. It is a standard terrestrial solar

spectrum irradiance distribution developed by American Society for Testing
Materials (ASTM) modeled by a sun-facing collector 8%° from horizon and
the relative light path to the direct solar beam is 1.5 times longer, corresponding

to solar zenith angle at 4819 The integrated power density is normalized as
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Figure 1.4 Definition of air mass
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Figure 1.5 ASTM standard of AM 1.5G solar spectrum



1.2 Efficiency
Definition of efficiency

Many papers have discussed about how to improve the efficiency of solar
cells based on the basic rule of theoretical calculation, called detailed balance

limit. According to W. Shockley and H. J. Queisser [1], if we consider only the

ultimate efficiencyQ,, that each photon with energy greater than band
gap,E, (hv,), will contribute one electron without any losing mechanisms. The

maximum efficiency can be obtained as the ratio of power delivered by the cell
over the solar power impinging onto surface area A.

_N,E,A

= 1.4
T (1.4

N, = number.of photon-with energy greaterrthz
2” o0 hV 1.2
=—-| [expt=)-1"vdv
=], 1 )~

P, =Solar energy density-falling upon device
27h o hv

expt—)- 1J'v3dv
7 ) [ = 1

In real case we have to take other mechanisms, radiation and nonradiation

generation or recombination, into account which may generally dimiQishn

order to improve the efficiency of solar cell, it is necessary to find out the
physical function inside each device, thus suggesting possible improvements.

When pn junction solar cell is subjected to radiation, it then produces the

photocurrent,, in the reverse-bias direction where the ideal diode equation

becomes:

=1, - Io[exp(%)— 1] (1.5)

6



in which the symboli, representing reverse saturation current is resulted from

the generation of hole-electron pair due to ambient blackbody temperature T and

its own, either nonradiatio@,, , or radiation(s,, process. These processes are

hr?

: : . KT :
theoretically independent of external bias- can be rewritten as a voltage,
e

which is generated by the temperature itselfis also referred to as the
short-circuit current,l,, whenever the external bias tends to be zero which is
basically generated under illuminatie@,, and the recombination loss in the

access of blackbody radiation from the celR,, is also taken into account.

IO =e(Gr +Gnr)

(1.6)
IL - e(Gs \ Rc)
Another term of most interest for solar cell is open voltaggeyhich can be

obtained by setting in (1.5) to zero, thus.we can obtain.

V. =Vc|n(1+||—L) (1.7)

0
According to theory, the maximum open-voltage can be derived as the band gap

voltage v, as the temperature of the cell approaches zero (1.8). This is resulted

from a photon producing an electronic charge with erigjgan contribute the

specific potential energy. Also under this circumstance, no excess generation or
recombination process will take place.

iV, =V, (1.8)

Taking all these mechanisms into the calculation of detail balanced limit of



efficiency, we can derive the upper limit of efficielcyConversion efficiency

in general is defined as the ratio of maximum power that a cell can deliver to a

matched load over total incident powe®,, from the sun.

=tV 1oV FF
P P

S S

(1.9)

It is shown in figure 1.6 where and V,, is the current density and voltage of

maximum output power. Filling factor, FF, defined B/ /1,V,. is also a key

measurement of solar cell performance and typically is around 0.7~0.8.

I mprovement of efficiency

Detail balanced limit requires the -following assumptions: (1)The

probability,f , of a photon with energy greater tHgn that will produce a

hole-electron pair must be unity;(2) Only radiative recombination mechanism is
required;(3) The charges are completely separated and transported to external
circuit without loss. Figure 1.7 shows the theoretical efficiency calculated with
cell and sun temperatures at 300K and 6000K respectively [1]. Curve f assumes
all the assumption above to be ideal and the incident angle subtended by the sun

upon solar cell to be normal. Other curves decrease gradually from curve g to i.

as f less than unity or larger the incident angle. This indicates the maximum

efficiency is approximately 31% which corresponds to an energy gap value

around 1.3~1.4eV.



Voc

Figure 1.6 The current voltage and power output diagram
of solar cell

(T — ['l'l:llfi]
2:'.'} 3;0 4.:'.'.? 50

Figure 1.7 Detailed balanced limit of solar efficiency

Equation (1.9) can be redefined in terms of ultimate efficiency (1.4) as below:
\Y/
n=Q,FF.f == (1.10)
Vg
Actual device do not obey the ideal relationship curves in figure 1.7. The
reasons for these deviations come from the last three terms in equation (1.10).

Many researches have been studied and published to deal with these questions

9



and some methods based on the basic physical concept can be done by focusing

on the assumptions presumed:

(1) Only single junction is concerned. This can be solved by increasing the
number of band gap such as to parcel out the preferable wavelength into each
subcell corresponding to different band gaps. Multi-junction (multi-band)
solar cells have the potential of achieving high efficiency over 53.6%
theoretically

(2) Photon flux density depends only on the temperature of sun and the angle of

light subjecting on cell. The concentration light increases the geometrical

factor,F,, and widens the angular range frofato 6, subtended by sun,

thus enhancing the total flux-intensity by S [17].

—sin’ g,
sin® 6,

S (1.11)

(3) Increase the number-of electron-hole pair that each photon can create. This
requires the mechanism called impact ionization.

(4) Some fraction of incident light will be reflected from the surface ofRell,
and others will pass inside but attenuate exponentially along the way. Unless
there is any chance to diminish the reflection from the surface toward zero

and absorb each incident photon perfectly, the probability of gaining one

electron-hole pair per photoh, would never approach unity and the

equation (1.10) would never attain ultimate target. Therefore, the following

equation aboutf should be considered.

f=(1-R)(1-&™) (1.12)

a isthe absorption coefficient of the cell. If the is large, the photons are

10



absorbed over a relatively short distance.

(5) Another problem has not been considered is about how to harness the excess
kinetic energy of the photo-generated carriers over band gap before they
dissipate into thermal energy which increases the possibilities of other
non-radiation recombination, Auger recombination for instance. The idea of
hot carrier solar cell then comes up with the solution to recycle this excess
energy but the effect is still under investigation [20].

Practical methods are still being done with regard to enhancing the presumptive

analysis toward ideal expectation. The first two strategies are more commonly

used in the IlI-V multi-junction solar cells (figure 1.9) and further discussion

about (4) is in section, 1.4.

1.3 Multi-junction Solar-Cells

Detail balanced theory estimates the upper limit of single junction where
only a narrow range of specific wavelength can be absorbed. On the contrary,
multi-junction (MJ) solar cells consisting of multiple subcells with different
bandgaps can efficiently convert broadband of photon energy into photocurrent
so their efficiency can beat up cells with single junction.

In 1990, Fraas group invented a two junction mechanically stacked AlGaAs/
GaAs solar cell and achieved over 35% efficiency [21]. But this kind of devices
though was estimated to have higher conversion efficiency due to fewer defects
between the connections of two subcells, it requires individual circuit for each
subcell, which makes the processing more complicated. Therefore, over the pass
few decades, there have been great improvements for monolithic cascaded
junction solar cell [22,23]. The achievements of low-loss tunnel junction

between two or more interconnection of cells and the largely reduced lattice or

11



current mismatch make monolithic cascaded solar cell more realistic and

popular in recent years.

Ing 49Gag 51 P
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Figure 1.8 Spectrum response of GalnP/GalnAs/Ge MJ solar cell

llI-V MJ solar cell has long been known to have theoretical potential of
reaching ultrahigh efficiency over 40%. A record of surpassing 40.8% by
metamorphic GalnP/GalnAs/Ge solar-cell (figurel.9) had been achieved
recently [4]. Figure 1.8 shows the spectrum response of GalnP/GalnAs/Ge MJ
solar cell and the schematic cell structure with its equivalent model circuit in is
shown in figure 1.9. Obviously, it divides solar spectrum into three parts which
nearly covers the main energy distribution. The development of optically and
electrically low-loss tunnel junction is realized and the band diagram can be
schematically shown in figure 1.10 [3]. Higher photon energy is mainly
extracted by InGaP top subcell, medium energy by GaAs in the middle and
lowest energy by Ge at the bottom. Where we can notice the formation of thin
and wide-band-gap tunnel junction is a crucial issue to realize high-efficiency
MJ solar cells. Although MJ solar cells are mostly used for space application,

the investigations for its terrestrial applications have begun to attract more

12



attentions in recent years.
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1.4 Minimizing Reflection

In order to maximize the optical absorption in achieving high performance
solar cells, many solutions have been demonstrated about how to diminish the
reflection on the surface over extensive spectrum range. Various anti-reflection
coatings (AR) are widely utilized by growing a thin film of dielectric layer on
the front of surface but that can only reduce the reflectivity at certain specific
wavelength and are also restricted on narrow angle of incidence.

In 1880, Lord Rayleigh first mathematically calculated the “graded

refractive index layer” contain broadband anti-reflection characteristic and, in

2007, Martin’s group had reported that an oblique-angle depositiohi@f

and SiO, coating [6] (figure 1.11) has low. reflectivity over the entire visible

and near infrared spectrum. At the same time, another group demonstrated a new
microscale surface texturing:.on solar cell in the shape of spherical (figure 1.13)
and proposed to be an omni-directional anti-reflection coating [5] accompanying

mathematical calculation called rigorous coupled wave analysis (RCWA).

-0.6

7 104

(ur)z “ybiey

-0.2

-0
18 186 14 12 10

Refractive index, n
AN substrate (n,=2.05)

Figure 1.11 The cross section SEM image of graded-index coating
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Omni-AR Coating

Substrate

Figure 1.12 Spherical particles of omnidirectional ARC

\

0.60 ym
X20000

Figure 1.13 The cross section SEM-image of 1D rectangular grating

However, different attempts have -been studied for the structures of AR over
broadband spectrum, sub-wavelength-surface-relief grating (figure 1.12) has also
been long investigated to have such broadband absorption characteristic
[9,24,25]. At larger propagation angles, most of the light is coupled into higher
transmitted diffraction order which enhance the absorption length and
extensively increase the generation of electron-hole pairs. Although the
advantage of sub-wavelength grating is proposed, it still has not yet been
fabricated on the ultrahigh efficiency IlI-V triple junction solar cells.

Before the grating structure experimentally make on a real IlI-V triple
junction solar cell, the numerical mathematics RCWA will be briefly discussed
and treated as a numerical analysis approach during the whole optimum and

ideal simulations in the following chapter.
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Chapter 2
Rigorous Couple-Wave Analysis Theory and Coding
2.1 Basic Concept of RCWA

Grating equation

The principle of constructive interference only exists when the light
scattered in phase which means the path difference equals the multiple of
wavelength. The concept can be visualized in figure 2.1 and expressed in a

simple equation (2.1), called the grating equation.
Asing, —Asind =mA m=0,+1+2... (2.1)

m number the order of diffractive wave. This can transform into another more
general form in terms of wavevector, k; in the direction of x, called Flogquent

condition:

k =k, +mK K=" (2.2)
A

A represents the grating period, and k_  are the x component of m order

o A . A
y incidence / diffraction  /

-
~—
S»o
Mgl N
s =<
S~
~~
S~
~
-

1 & g
~

Figure 2.1 Schematic interpretation of grating principle
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wavevector in incident region | and transmission region. K can be called grating
vector. Figure 2.2 shows the schematic Floquent condition (2,2) between two
media in vector space. The radius is the amplitude of propagating wavevector.

Only a limited number order of wave can exist depending on the subtraction and

addition of grating vector.

Reflection
p :
" | |
S~ | Region |
|
Region |
n

' | Transmission

Figure 2.2 Floquent equation in wavevector space

Sub-wavelength surface relief grating is a kind of diffraction structure in the
scale of wavelength that mostly produce zero order and all higher order

propagate as evanescent wave. In 1D grating, it sets the maximum limit on the

maximum grating period asl, being the vacuum wavelength [9]:

A< 4
n sing +n

(2.3)
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RCWA formulism

RCWA is one of the numerical solutions being widely applied and
studied in the interest of dealing with diffractive characteristics of
electromagnetic waves on dielectric gratings. It expands the resolution wave in
the form of plane wave components, and the amplitude of each component are

obtained by matching the boundary conditions between two refractive materials.

In the general case of one-dimensional rectangular grating (figure 2.3), the
grating vector is parallel to x direction and filling factor is defined as the ratio of

width of rectangular over period.

Filling Factor= % (2.5)

z

v

Figure 2.3 Schematic diagram of 1-D grating structure
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For the case of planar diffraction solution, electromagnetic wave can be
easier to deal with by decomposing into TE and TM polarization, where
electric and magnetic field are normal to the plane of incidence (x-z plane)
respectively. TE and TM wave can be handled individually. Here we briefly
present the formulation of TE polarization. The extension of TM problem is

straightforward, thus it is not mentioned below.

TE component
Sub-wavelength gratings has been theoretically proved to obtain the
homogeneous properties [10, 24], thus Maxwell’s equation can be described in

the form of (2.6), with electromagnetic boundary conditions as (2.7) [27]
Maxwell's equation in linear and homogens media

i) OE=L =) dxE=-2
P ot

3E (2.6)
(i) OB=0 (iv) OxH=J, +&e—
f /ot
Accompany with the Boundary Condition below
i el -e" =2 iy el —g!l =0
O 0 ¢ I/
ol Rl _ - Y | ~
(i) BD BD =0 (iv) H// H// —Kf XN (2.7)

Where 0 is unit vector with the direction normal to grating surfageis the
free charge,o, the surface free charge dendty, the surface free current

andJ, the free volume current density. Those values mentioned above in

dielectric materials are generally treated as zere the relative permittivity.

(2.6) satisfies the Maxwell’s equation in differential form:

z

oE
—L=jueH, —L= jucH oH, = JEwE +aHZ (2.8)
ox 0z Yoax
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As for TE polarization, incident electric fieléE, iny direction is expanded

into summation of total diffractive waves from region | to II which are
schematically shown within the unit cell of periodic structure in figure 2.4.
Region | ¢> 0):

£, =expEik 1+ YR expE (X, ,2)]
Region d layer (& z< Il__l):

Euy = 2R OBl (21l + . BBl =i Ky (27 1)

=35, () expl- ik, ]

Hyy =~ /wﬂzud,xi(z)exm_jkd,xix]

i=1

Id = Z::lhd

Region Il g<L):
£,y = DT expl- ik, Xk 5 (2= L)} (2.9)

Region 11

Figure 2.4 TE diffraction within 1D grating structure unit cell
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F andB are the forward and backward amplitudes of reflected and

transmitted wave in each layeR andT can be derived by solving tangential

wave continuity of each interface systematically by means of boundary
conditions (2.7). n is the number of harmonics field in Fourier expansion.
Substitute grating formula (2.2) into (2.9) and summarize into Maxwell’s

equation (2.8). We obtain the coupled wave equations:
0S

dyi —
Y —kU. .
02 k0 d,xi
aUd,xi - kc?,xi zn:
0z = Ky )Sd'Yi _kopzlgi_de'yp (&4
Sy, and U, are normalized harmonic field for electric and magnetic wave

respectively. k, represents the-wave vectorin free spaglx) is expanded in
Fourier expansion.
< . 27T
£(x) =Y &, exp[j—x]
p=L A

sin(rrpf )
P

gp = (ng - n§+1)

(2.11)

Where n,the refractive index in layer d. id is the filling factor defined in

(2.5). To combine (2.11) into (2.10) differential equation, we can set up a simple

matrix form. (2.12)
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azsd.yl Ud,yl
azSd.yZ Ud,y2
=k
azSd,yn Ud,yn
O Vax K 0 0 0. ) un £00) £(-1) £(-2)...e(@-n) ) Sin
asz,xz 0 kfz 0 0. Sd,y2 8(1) E(O) g(—l),,,g(Z—n) Sd,y2
_1 0 0 K 0. : k, e(?) 5(1.) £(0) ...e(g—n)
K, : E E . i) eli-p ...&(i-n)
0,U,4 Ko Sin &(n) £0) )| S,
0%S,,
(322 % 0 0 0 |[ Sy £0) £(-1) £(-2)...£(1-n) [ Sun
95 g Sy @) £(0) £C1) ..£(2-n) || Sy
921 o Zoom | e @) £(0) ..e(3-n)
| =k % % i) —eli-p) ...e(-n)
6:2‘n % sd’;m &(n) £(0) sd,;n
N\ v J — ~ /)
K? E
9°S,, | ,
[ p= J—ko(K E)(Si)
(2.12)

(o3)

Yo | K2-E)(U
[k (K2 -B) (Va0

By calculating the eigenvector and eigenvabfeequation (2.12) and
matching the boundary condition in (2.7) between adjacent layers, we can set up

a series of related equations and summarize them in a clear and tidy matrix form
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in the list below. More detailed formulations are reported in paper [14-16].

Full mathematic formulation for surface-relief grating

Region |
TE ™

(. I, M _l JRZ(vvl vlelj(cf] s ool 1 oW WX)(C
15i0 COSH _]Y| V1 _lel C1 J'On— —jZ| V1 _V1X1 Cl_
|

Regionitor-1
(W.-le w-ll[qtlHW. WX, j(CJ
ViaXia Vo C|__1 Vi VX C|_
Region I
(WLXL WL) C/ :[ I )T (WLXL WL] C’ =[ I ]T
ViX, =V, C. JYII ViX, -V, C, qu

Table 2.1 Summary of full mathematic formulation for RCWA

Reflected and diffracted amplitudes are determined simultaneously by
solving table 2.1 in either TE or TM mode. Another simpler and memory saving
way is called partial solution approach. It employs the same concept of full
mathematics method in a much more stable and efficient way with only half
number of matrix multiplications needed comparing to full-solution approach.
By solving the reflected and transmission diffraction mode separately, the size of
matrix can also decrease into half. The partial solution formulism is listed in
Table 2.2. Further deductions from Table 2.1 to Table 2.2 are proved in
Appendix.
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Partial mathematic for mulation for surface-relief grating

Transmission Formulism Reflection Formulism

|

f f o)
AR e,
O 4 Yy 9 jn 6, cosf -1y,

Table 2.2 Summary of partial mathematic formulation for RCWA

o)

[}

f |
(l C' =|.J,cos0 +( _ jR
9 |/ —1Z

2.2 Formulism in Computational Algorithm

>U - m@)Solar@ )dA
| solar@t )

Tsolar= (2.13)

TSolar is defined as the, ration of power-penetrating at all diffraction orders
over power incidence throughout wavelength of interest from 0.3um to 2um
where GalnP/GalnAs/Ge solar cell dominates. Our goal is to find out the
configuration for grating with highest Tsolar under 6000K solar spectrum. We
then compile partial solution approach into mathematic software (Mathematica)
and set up all the matrix formula in Table 2.2. The algorithm used to extract the
optimized results utilized iterative method. Table 2.3 shows the computational

process.
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Computational algorithm

N

>'[C T (Solarg) d
joz_ssmar@) d

Save and

TSolar=
Change parameter

Table 2.3Computational algorithm diagram
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Chapter 3
Simulation Results and Analysis

3.1 Anti-Reflection Coating

/ -

=
-
thn

0.10

51072 Thickness (pmn)

=
=
o7

n.0s 0n.10 .15 .20

513Ny Thickness ()

Figure 3.1 Contour map of transmittance under standard solar
spectrum as functions ofio, and Si,N, thickness

We first design the anti-reflection coating (AR) using the program

discussed in previous chapter, and assume TE and TM polarization being

equally the same at normal incidence. Double-layeSi), and Si,N, AR

were adopted with refractive its index 1.54 and 2, respecti&l®, has

lower refractive index that is closer to the refractive index of air 1, therefore

it is chose to stack on top. Also the refractive index for the substrate is 3.5.
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The result is shown in figure 3.1, a contour map of Tsolar as function of

Sio,and Si;N, thickness. This figure shows that maximum occurs at the

range where thickness @io,and Si,N, layers locate around 80 nm and 60

nm, respectively, with transmitted efficiencies over 93%. Although

transmitted wavelength distribution of AR does not center at main peak of
solar spectrum near 500 nm to 700 nm (figure 3.2), the total TSolar

compared with no AR can still improve from 70%, to as high as 93.6%.

1.0
S ] §‘
S =
s 0.8 @
&) ] (D)
c ] §e
D ] -
Q 06 @
T 3
D \‘ ----- Normalized solar spectrum =
£ 04 oo mememn W/O AR 10473
4 ‘e i %
(49 ~~~ b
= 0.2 0.2 £
, Tteeeei. =
0.0i \ ! \ ! \ ! - .0
0.5 1.0 1.5 2.8
Wavelengt (um)

Figure 3.2 The comparison of surface transmittance with and without AR to
normalized black body power density at 6000K

Figure 3.2 shows the comparison distribution of transmittance for
surface with and without AR to normalized power density of black body
radiation at 6000K as function of wavelength. Apparently, the total

transmittance has been broadly improved.
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3.2 Sub-Wavelength Grating Structure

AR though well performs at normal incidence; it works only at a certain
span of wavelength and incident angle. However, broad band characteristic of
grating structure has been investigated and widely employed to the enhancement

of light collection at oblique angle.

100F
I Period 0.4um  ----- TSolar
99 Filling Factor 0.3 A 600 nm

98

97}

96/

Transmitter efficiency(%)

95

94+

Grating depth Hum)
Figure 3.3 The transmittance comparison of TSolar to wavelength 600 nm as
function of grating depth, with period Qu#n, filling factor 0.3

According to (2.3) if a grating with its period less than half the wavelength
of incident light, only lower diffracted order will present and other higher orders
are evanescent. This kind of grating is called sub-wavelength grating, and shown

to contain broadband properties [9]. From theoretical consideration, if we only

consider certain wavelength, ed.=600 nm, the depth of the grating has to be

300 nm with period 400 nm and filling factor 0.3 in order to achieve higher
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transmittance over 98%. As for solar applications, it is more practical to value
TSolar. Therefore the transmittance would be different when TSolar is taking
into consideration. Figure 3.3 indicates the maximum transmitted efficiency is
over 95% with the grating depth around 100 nm. Moreover, it is more feasible to

produce a 100 nm depth grating than 300 nm.

Optimum grating configuration

To find out the optimum height, period and width of grating,
approximations were made based on assumptions consistent with theory [9].
Typical value shows out the depth of grating, H, in the scale of nanometer is
possible lower, and therefore \we firstly fix H at certain theoretical expected
values, which begins at lower limit of 50nm,.and change the other two variables,
period and width, to extract optimum parameter. We then increase H step by step
and compare every optimum Vvalue in each run. H was roughly estimated using
plot of comparison in Table 3.1, which demonstrates the reflectivity contour map
of TSolar as functions of period ‘and filling factor.

By increasing H every 50 nm each plot, a low value of reflectivity of less
than 5% can only be obtained withO5um < H < 0.2tum. Although the lowest
peak of reflectivity shifts toward larger period and smaller filling factor with
higher H, the fabrication process is relatively difficult and also the reflectivity

are all over 5%. Additionally, a larger ratio of depth over period naturally results

in a larger surface area, which increases the possibility of surface recombination

in solar cells. In this aspect, it is inferred that with Hudnl, period 0.3~0.4 and

filling factor 0.3~0.4 is effective for reducing the surface reflection loss without

severe surface recombination loss.

29



Table 3.1

Contour Map of reflectivity of different height of grating H as functions of
period and filling factor under the standard solar spectrum
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These values can be. refined by iterative comparison, thus a preferable

profile of grating is approximately chasen. We now fix the value of period to
0.35um where indicated to have the lowest reflectivity in Table 1.1, and vary
the depth and width of grating. The contour plot of transmittance at period

0.35umas functions of grating depth ‘and filling factor is shown in figure 3.4.

The results turn out similar to previous estimation, that H aroundu®.1land

filing factor 0.3 marks the highest transmitted efficiency over 95%. It is
noticeable that there is also another peak at higher depth and smaller filling

factor exhibits to have transmitted efficiency over 94%. Unfortunately, due to
the fabrication difficulties to produce a grating with depthuth®C and width

60 nm, we should focus more attention on the feasible outcome on the left side

of figure 3.4.
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Figure 3.4 Contour-map of transmittance-under standard solar spectrum
of grating period 0.35um:as functions of height and FF

Result of optimum grating structure

Consequently, the extraction of optimized filling factor and period had been
determined. The results are shown in figure 3.5 below where the value of filling
factor is 0.3 and period 0.35um which demonstrates the transmitted efficiency to
be up to 95% at normal incidence. Finally, the optimum periodic 1D grating

structure is then plotted in unit cell shownn figure 3.6.
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Period =0.1um and Filling Factor = 0.4 Transmittance = 0.952571

Figure 3.5 The optimum value of grating profile

W~100nm

H=0.1um

Figure 3.6 The unit cell of optimum periodic 1D grating profile
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Figure 3.7 compares the transmittance of two surface conditions with and
without grating structure at normal incidence. Although the transmittance rate of
surface with grating is not always surpass throughout the whole wavelength, it is
the TSolar that plays a crucial parts and dominates throughout the whole

incident angle in figure 3.8.
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Figure 3.7 Transmittance comparison of sample with AR and grating as

function of wavelength
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Figure 3.8 TSolar comparison of AR and Grating cell as function of
incident angle
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3.3 Broadband Characteristic at Oblique incidence

As expected the broadband absorption at oblique incidence, figure 3.9
shows the subtraction between two curves in figure 3.8. It indicates the
enhancement effect is stronger (> 5%) at higher incident angle. This
improvement can be contributed to the geometric form of grating. Figure 3.10
shows the distribution of TE and TM polarization to TSolar throughout whole
incident angle. TE modes decade faster than TM at higher incidence, while TM

modes compensate the reflection loss caused by TE polarization.
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Figure 3.9 The TSoalr difference between sample with and without grating
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Figure 3.10 The contribution of TE & TM modes to TSolar as function of
incident angle
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Wavelength distribution at different incident angle

Figure 3.11.a and 3.11.b shows the transmittance distribution of each
wavelength at various incident angles with AR on the surface and AR with

grating on the surface, respectively.
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Figure 3.11 Contour map of transmittance of (a) AR and (b) AR with grating structure
on the surface as functions of wavelength and incident angle

At the span of short wavelength, the transmittance in figure 3.11 (b) has better
performance over 6% until 60 degree incident comparing to figure 3.11 (a).
Throughout the middle span of wavelength betweeny@6to 1.2 um, (b)

can still suppress more than 2% at oblique incident.. It is also obvious to
mention that transmittance raises invigorately more than 20%.. at larger incident

angle. We then expect the increasing amount of light will successfully form
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electron-hole pairs and contribute to the improvements of photovoltaic energy
conversion efficiencies.

As expected for sub-wavelength grating where only lower transmission
order exist, figure 3.12 displays the TSolar transmitted distributions for different
diffractive order of both TE and TM polarization, as function of incident angle.
The light is almost diffracted into zero order, as well as at higher incidence, with

only a partial portion of light parcel into first order.
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Figure 3.12 Displays of the transmittance diffractive order distributions as
function of incident angle in  TM(left) and TM(right) polarization
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Chapter 4
Experimental Analysis and Discussion

4.1 Sample Design and Fabrication Process

The sample used here is InGaP/InGaAs/Ge triple junction solar cell
provided by Visual Photonics Epitaxy Co. (VPEC). The structure is

schematically shown in figure 4.1.

Material Thickness Carrier concentration
13 | n-InGaAs 0.5 nm >5%10"%cm™
12 | n-AllnP 0.03~0.1nm
11 | n-InGaP 0.05~0.2num
10 | p-InGaP 0.4~ 0.7 nm
9 | p-AllnP 0.1~0.2 um
8 | p-AlGaAs 100~ 3500 A | =10"cm™
7 | n-InGaP 100~500 A | >10" cm”
6 | n-AlInP 0.1~0.2 um
5 n-InGaAs 0.1~0.3 um
4 | p-InGaAs 2~4 um
3 | p-GaAs 100~ 3500 A | >10"cm™
2 | n-GaAs 100~500 A | >10" cm™
1 n-InGaAs 0.5~1.0 um
0 | p-Ge Substrate < 200 pm =110 em™

Figure 4.1 Structure of triple junction concentration solar cell
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In order to compare the effect of grating structure after realizing it onto surface
of solar cell, three kinds of device will be made, including device without AR
coating, with AR coating and with grating on top after AR coating. The standard
process for these three kinds includes:
(1) Step 1: Photo lithography for electrode pattern. (figure 4.2)
To reduce the series resistance between grid electrode, it is evaluated by
using equivalent circuit model in figure 1.9 and calculate by certain

simulation program [27,28]. Therefore, the suitable configuration of

electrode contact can be designed with grid widthrBand pitch 112
uminside 1mm square and the total shadow loss due to contact coverage
is about 5%. Moreover the ohmic contact resistance can sufficiently be
reduced by depesiting Ni/Ge/Au alloy-onto highly dopihg -InGaAs

layer and Ti/Au alloy onP" -Ge substrate. After evaporating electrodes,
the device then put'to annealing at 400°C for 30 seconds. It is requisite

to etch off the N* capping layer with certain kinds of acid solvents [29]
and to expose AlInP window layer before depositing AR coating. The
acid solution used here i81,SO, , H,0, , H, C (1:8:80).

The device without AR is done and shown in figure 4.3. We then proceed to the

second kind of device where AR coating is deposited on top of surface.

(2) Step 2: Anti-reflection coating. (figure 4.4)

Two flat dielectric AR coating layersSi,N, and SiO,, are deposited,

at the optimized thickness, 60nm and 80nm respectively by using

PECVD technique. By using BOE solvent, the electrode covered by AR
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can be revealed. Be sure to make the soaking time inside BOE as precise
as possible, thus lowering the risk of any chance for lateral penetration
which might damage the wafer.
The second kind of device is done and shown in figure 4.5. Lastly, we will
continue to put the grating structure onto AR layer. The fabrication of grating
structure in the scale of nanometer can not be completed using
photo-lithography. Consequently, E-beam lithography technique is introduced to
pattern the period structure.
(3) Step 3: E-beam lithography for sub-wavelength grating. (figure 4.6)
As a result of the optimization in chapter 3, the period and width of the
grating are designed to be 350nm and 100nm respectively. PMMA is a
high contrast positive resist and has good adhesion on nearly any surface,
thus has been widely applied for nano-lithography. During the process, it
Is better to create an.undercut profile on resist, thus making it easier to
life-off. To perform such undercut profile, it requires two layers of
PMMA with different solvent concentration, A3 and A5. Due to the
different dissolution properties from each layer, undercut can be made as

controlling the developing time carefully by means of develop solvent

MIBK (figure 4.6.1). Afterwards the 100 nm thicknesses &ifO,

gratings are thermally evaporated using E-gun (figure 4.6.2), and lift-off
process can be easily done when soaking in acetone without further

agitation (figure 4.6.3).
Figure 4.7 shows the top view of SEM image. We also obtain different width

from 100nm to 150nm. Therefore, further investigations of the effect caused by

various width of grating can also be discussed in the following section.
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Step1  Photolithography for electrode

A. Metal Contact

Exposure
R
Develop
AZ 300
N-type Metal | P-type Metal
Ni/Ge/Au Ti/Au
Lift off
<—
Anneal 400°C
B. Etch capping layer
N* InGaAs
Solution HZSO4 H2 02 H2 0=1:8:8( LR S <—— cap |ayer 0.5um

Figure 4.2 Photo lithography process for electrode pattern

TOP VIEW

Imm

A
v

<>
wng

wwT

Figure 4.3 Electrode contact configuration
42



STEP2 AR Coating

PECVD coating

Si0, BOE
Si;N
etch AR

Figure 4.4 Anti-reflection coating process

Top view

Figure 4.5 Electrode contact configuration after removing AR
by using acid BOE
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Step3  E Beam Lithography

A. Grating pattern set

____________________ E Beam
_________________________________________ PMMA-AS
———————————————————— 4 pMMAA3  EXpoOsure
Develop
MIBK
B. E-Gun SiO, Coating
100nm
Lift off

After E-beam exposure

\% . \%
Figure 4.6.1 After lift off

Deposit SiO,

Figure 4.6.2 Figure 4.6.3
Figure 4.6 E-Beam lithography process for sub-wavelength grating
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SEI 250k XB5.000 100nm WD 12.7mm

SEI 250kY  X22,000 142m WD 129mm
(b)

Figure 4.7 Top view of SEM image of grating with period 350nm, depth100nm
and width 100nm under (a) large scale (b) small scale
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4.2 M easurement and Analysis

I nstrument

Computer

Labview Software

Newport
1000W Class A
Solar Simulator
AM 1.5G

Keithley 2400

Figure 4.8-Solar simulator system diagram

The measurements are‘done by a set of Newport AM1.5G 1000W solar
simulators (figure 4.8) in Prof. Peichen Yu’s Lab in the department of Photonics
at NCTU. It is certified according to ASTM 927-05 standards by using xenon
lamp to match Class A performance and calibrated by standard tested solar cell
before each measurement. The current-voltage data are taken by Keithley 2400
source meter, which is controlled by the Labview software to extract the data
and parameters. To test the solar efficiency under various incident angles, a
uni-axial rotation stage is set up where the sample is attached onto the stage. We
regulate the rotation state by testing the maximum efficiency as normal

incidence.
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Current-voltage characteristic
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Figure 4.9 J-V curves of (a) dark current with sample A_AR and A_1t
(b) under illumination with sample A_AR, A_1 and W/O AR.

Figure 4.9 (a) shows the dark current-voltage curve of sample A_AR of AR

without grating structure on top, and sample A 1 with grating of period 0.35

um, width 105nm and depth 100nm. The measurements of these two samples

match quite the same. Some electrical properties can be approximately derived

from dark current-voltage of characteristics which provides essential
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information of performance loss and device efficiency. But this numerical
analysis is beyond the scope of our discussion [30,31]. However, we can still
assume the insight electrical properties to be similar by looking at the tendency
of dark current-voltage to make sure there will not be too many uncertainties to
affect the experimental outcome. Figure 4.9 (b) presents the current-voltage
curve of sample under illumination. Here we also compare the sample W/O_AR ,
without AR coating on the surface, thus to observe the effect of AR and grating
mechanism. It shows A_1 has higher short current density, comparing with the
other samples.

As we know, the net absorbed photon flux from the sum results in the
photocurrent, therefore the short circuit density can be briefly represented as

integrating the amount of circuit density over photon energies:
3, 2af n(E)YA=R(E)P(E)! (E.T)dE (4.1)
P(E) is the probability-of absorption of a photon of energyREE) is the

probability of photon being reflected on the surface and q is the electronic

charge. Each electron has the probabilpyE), of being transferred to the

external circuit. | (E,T) refers to the photon flux emitted normal to the surface

at energy E of a black body radiation at temperature T. With the definition of
quantum efficiency,QE(E), defined as the chance of an incident photon of
energy E will deliver one electron to the external circuit, (4.1) can be rewritten
as:

Jg = qj; QE(E)I (E,T)dE (4.2)
Consequently, we may attribute the enhancement to grating structure which

yields more light to couple inside solar cell, which reduce the reflection in (4.1)
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and increase the quantum efficiency in (4.2). On the other hand, the longer
optical path due to diffracted light which improves the minority carrier lifetimes
may also take into accounts.

Moreover, as we know the MJ solar cell has different current density among
each cell, which means the current matching analysis is quite a crucial technique
for enhancing short circuit current. Simulation for this current matching issue

has long been studied [3,4]. Figure 4.10 shows a simulation |-V curve done by

APSYS commercial software which performs with front AR lajgs, /ZnS. It
should be mentioned that due to current mismatching, short current density is

about 16 A/m* and much of the current component is wasted in the middle

subcell. The open voltage:is the sum up voltage of each subcell around 2.6 V. In
our case of study, all the cell-performances are lower than expected. As long as
the dark current-voltage tendency shows no-obvious division, it will not affect

the experimental results by ‘comparison. And further discussion about this will

be mentioned later.
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Figure 4.10 Simulation I-V curve of IlI-V solar cell done by APSYS
commercial software which assumes front ARC layers toviag=, /ZnS
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Enhancement of short circuit current at obliqueincidence

Sample | Width| FF % | Jsh (mA/m?) | Voc (V) | QE (%)
NOAR

NAR 82.33 12.02 2.05 20.21
A

Al 105nm| 83.07 15.04 2.12 26.50

A AR 83.09 14.50 2.13 25.72
B

B 1 105nm 83.18 13.34 2.10 23.63

B 2 140nm 81.93 13.12 2.10 22.41

B AR 81.15 13.28 2.12 22.95
C

Cl1 100nm 80:48 14.75 2.08 24.48

C2 150nm 83.55 12.26 2.09 21.23

C AR 8147 13.36 2.11 22.59

Table 4.1 Experimental parameter of samples measured in different run

Table 4.1 is a list of experimental-results of devices produced in different
run of fabrication process; A, B, C. To avoid the deviation occurring in each run,
it is better to compare the effect of grating and different performances by using
the devices in the same process. The width of grating is confirmed by SEM and
recorded in Table 4.1 in order to prevent any inaccuracy aroused by E-Beam
lithography.

Equation (4.2) shows that short circuit current density is related to total

amount of photon absorbed and delivered to the external circuit. Therefore, by

measuring the external quantum efficiency, EQE, over wavelerlythcan be

roughly estimated. Figure 4.11 presents the EQE for each subcell. Obviously, we

notice MJ solar cell can fairly transfer photon into electron over broadband
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Figure 4.11 External guantum efficiency, EQE, of each subcell

Grating mechanism has been estimated to have better transmittance, which

also means to enhance the total amount of photon pass inside the surface. As a
result, the proportion of current density between sample with AR coalipg,,
and after manufacturing the grating structudg, ,over incident angle from

normal to parallel is equivalence to ratio of the amount of photon effectively

utilized by surface with ARN , ., and grating, N, ., respectively.

3o _a] AT(EQE(E) (E)E N,
I arm a QE(E)I(E)dE N on,ar

(4.3)

AT is the portion of increasing transmittance at energy E. Figure 4.12 shows
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the experimental results oy, ; /1, ,s0ver incident angle. Comparing the ratio

of total amount of photonN, . / N, ., calculated theoretically by means of

ph,G

figure 4.11, figure 4.13 displays the forward tendency throughout the whole

incidence and an evident step up over 50 degree of incidence.
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Figure 4.12 Ratio of short-circuit current density between sample
A_1 and A-AR overincident angle
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Figure 4.13 Ratio of number of photons utilized by surface of

grating over AR coating.
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Enhancement of efficiency at obliqueincidence

Generally, the maximum power density delivered is forward relation to short
circuit current that we had discussed in previous section, which may also
response on the conversing efficiency. According to table 4.1, the efficiency gets
higher for the cell with grating on the surface than those without. In the
theoretical point of view, the enhancement of photon collection of grating is
justified by sample A 1, B_1 and C_1 with the grating width more or less
around 100nm. We then want to investigate the changing of efficiency against
oblique incidence. Due to the power density is dependence of incident angles; it
should be dealt with as a factor over cosine of incident angle. To make it clearer
to observe the effect, we compare the self-decay ratio of each cell, which is
defined as efficiency at oblique incidence divided at normal incidence.

_QE(®)
QE(0)

As it is shown in figure 4.14, A_AR . decays more rapidly at larger incidence.

Decay Ratio

The difference between A_AR and A_1 as function of incident angel can also be
obtained by the subtraction of efficiency such as to infer the enhancement
caused by grating mechanism (figure 4.15). Apparently, they all remain
slightness positive increment until 50 degree where it begins to present a distinct
step up. This tendency is similar to the calculation about the TSolar
transmittance subtraction in figure 3.9 which indicates the slower loss

transmitted photons between surface with and without grating.
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Figure 4.15 Measured efficiency difference between A_1 and
A_AR along different incident angle
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Dependency of filling factor
In this study, we also design grating with various width from 100 nm to
150 nm, corresponding to filling factor 0.3 to 0.5. The devices B 2 and C_2
listed in Table 1.1 which designed for larger grating width, 140nm and 150nm,

respectively, indicate to have relatively low efficiency. In theoretical

calculation shown in figure 4.16, with grating of period Qu3band depth

0.1um, TSolar transmittance indicates a maximum at filling factor 0.3. In

addition, the transmittance descends gradually from 95.5% to 94.5% on both
large and small filling factor. In the meanwhile, the efficiency dependence on
incident angle is also considered. As a result, the same comparison according
to figure 4.15 is done and show in figure 4.17. Figure 4.17 (a) and (b) are the
results of sample B and C, respectively. Although the efficiency of B_2 and
C_2 are slightly less-than B_AR and C_AR at normal incident, the curves
begin to dominate at larger incidence. Both curves in each plot indicate similar
tendency that also B_2 and C_2 present less increment compared to B_1 and

C 1.

95.5 T
’¢’ ~§~
* -~
95.0

94.5

TSolartransmittanc (%)

94.0 7

00 01 02 03 04 05 06
Filling factor
Figure 4.16 Tsolar as function of filling factor at normal incidence
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Figure 4.18 Simulation of TSolar differences for different filling
factor along different incident angle

Figure 4.18 is a simulation by calculating TSolar transmittance subtraction
between different filling factor-and AR. In /which we notice that grating with
narrower width, smaller filling factors, has better performance at larger
incidence. Even though efficiency relation to TSolar transmittance can not be
told categorically, we are surprise to find the good qualitative agreement of
figure 4.17 with figure 4.18. We can also imply that the improvement of
efficiency comes from the raised amount of photon penetrating through surface
which finally contributes to the total photon current density and total power

output.
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Transmittanc(%)

4.3 Discussion

Wavelength distribution at different angle of incidence
Figure 4.19 is the comparison of changing transmittance distribution of

wavelength 0.8m to 2um at increasing incident angle from normal to level.

Graph (a) shows the surface with grating and AR, and graph and (b) with only

AR at the front. Apparetnly, they all have two regions where wavelength around

50 50-

05 10 15 20 05 1o 15 20
Wavelength (um) Wavelength (um)
Figure 4.19 The transmittance comparison of wavelength distribution of surface

with (a) grating structure on AR (b) AR at increasing angle of incidence,
along the arrow.

0.5um and 0.8um achieve high transmittance. Fortunately, these two peaks

barely shift away along larger incident angle. However, graph (a) indicates

slower decrement throughout whole span and the phenomenon becomes more

obvious after 60 degree of incidence, over 5% higher than graph (b)uat 0.8

The much less amount of photon dissipated at oblique incidence contributes to

the step up trend in figure 4.18 and maybe explain the same situation appears in
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our experiment. Moreover, another advantage of grating structure is one of its

maximum at short wavelength Q& is closer to the main peak of solar

spectrum, 0.4~0.7um, and move even closer at large incident angle which
compensate the reflectivity loss happened on graph (b). Consequently, sample
with the help of light trapping mechanism presents more efficient photon

attraction and shows out higher efficiency.

Error deviation

The experiment deviation could be resulted from the inherit fluctuation of
beam source within 1mm square size of devices which cali%e variation
and irregular rise and fall when-plotting. Although efficiency with grating may
be sometimes lower than expected; it is more important to focus on the relative
tendency between interested and reference samples.

The mechanical damagesare sometimes avoidable during circuit mounting
and device isolation by ‘using._scriber. These uncertainties may bring out
problems like short circuit, current leakage; larger shunt resistances and junction
skip. Junction skip is generally caused when too many defects built up a bypass,
and normally can be detect by the diminished turn-on voltage.

Additionally, the rotation apparatus we set up to adjust the angle of solar
simulator impinging on device is uni-axle. And 1-D grating is an angle
dependent structure, the diffraction effect results differently depends on the
direction it rotates. Therefore, we have to make sure that grating is lined up
along the same axle, which in general can only be rectified by hand.

The exact functionalities that contribute to final efficiency after taking all

disturbances either intrinsic or exterior into account is far more complicated.
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Some of parameters can be extracted by certain commercial software, which is
beyond our interest. However, if we can check the essential electrical properties,
turn-on voltage and |-V tendency, carefully before each measurement, some of

error deviations can still be avoided and eliminated.
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Chapter 5

Conclusion

In this study, the antireflection and light trapping effects of 1-D
sub-wavelength grating were quantitatively investigated by means of numerical
simulation, RCWA. It indicates the reflection loss can be reduced by the
characteristic of grating over a wide range of wavelength. We then realized our
idea onto IlI-V MJ solar cells and compared the short circuit current density and
efficiency to device without grating over wide incident angle in order to observe
the effect. Eventually, higher efficiency and current density at normal incidence
and less decrement at oblique incidence were found. Although it is not apprent
to conclude the cause and effect between efficiency to amount of photon
transmitted, by measuring the quantum' efficiency of each subcell among
responsive wavelength; it is straightforward to observe the effect of number of
photon increment to the higher short circuit current density. Moreover, we are
glad to notice the experimental curves roughly follow the trend of theoretical
calculation between the subtraction of TSolar transmittance to surface with and
without grating. Thus we can conclude that the increment of power conversion
efficiency over wide incidence can be credited to the enhancement of photon

collection due to the photon trapping design of sub-wavelength grating.
Future work

Sub-wavelength gratings have its advantage of being a light pass filter on
the surface, however, the disadvantage is the fact that its rather difficult to
fabricate size that make E-Beam lithography technique hard to offer a rapid
replication under scale of micrometer in mass production. Embossing,

interferometric lithography have been studied [7] but still worth further
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investigation. Accordingly, if there exist other more feasible and less costly
methods to pattern such periodic structure, it could be widely extended in the

aspect of either terrestrial or spatial applications.
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Appendix A

TM Partial Solution For Reflection
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TM Partial Solution for Transmission
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