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Abstract : Light management is an important factor for high-efficiency crystalline silicon solar cells, which can
enhance light absorption to increase a short-circuit current( /). In this contribution, the most common light
management methods including antireflection, surface scattering, and light confinement are reviewed. Re-
searchers have developed various surface antireflection structures to lower the surface reflection loss of the cell.
For example, biological structures fabricated by moth-eye type texture create a gradient refractive index profile
resulting in a reflectance below 1% over a wide wavelength range. As the wafer thickness is reduced gradual-
ly, light management becomes even more critical for cell performance. Antireflection for the wide wavelength
and incident angle range has attracted much attention. And light scattering and confinement may be the most
effective ways to enhance light path length and absorption for thinner substrates.

Key words: silicon solar cell ;light management ; antireflection ; surface plasmon ;light-trapping

HEREREEREMPRNA

TRE
(FEAFRE BETHE, L 100029)

FEEE LA LR B R b A A K PH 8 i v S WOSORVEE B FL U () R T B R e B RO M R I R 22— AR SO 1 deh L
Py 2 AR R MBS B DA R FAOEAE . S T AR SR AR FL T i R T SR SRS F R T 2R R B S S 45
N, 45 Az R 250 R R AR 3T S B S0 T SR IR G R LR E U B RT3k 1% LIR , B PR A b el TG Uk o, O
A PHBR TN RS R T AR TE S8 L P 3R B S ST B4, 10 T B A T i S AR R SR S R Ik, R
FEHT R T8 RO LA T 28 T B B 5 A B2 2 21 4 1) WSO R T A e L St 31 A A G A A e el b A O R I LA
X # HE.AKMiER EERE RS ABF S TR RBE

FEDES . TMI14. 41 XERARIRAEG A doi:10.3788/C0.20130605.0717

%5 H B9 :2013-07-15; &1T H #5 :2013-09-13
BT B BEZKHAF=IEL T E (No. 11104319)



718 o DA

$o &

1  Introduction

Light management is one of the most critical factors
for high efficiency crystalline silicon solar cells,
which can directly affect the short-circuit current
(J.) of the cell. Three types light management
methods are most concerned nowadays for improving
cell performance ; antireflection ( AR) , light scatter-
ing and light-trapping. The main aim of AR tech-
nique is to reduce the surface reflection and let more
incident light enter into the cell. Light scattering
changes the propagation direction of the light to in-
crease its absorption path length, while light-trap-
ping confines the light in the cell via scattering and
internal reflection.

As the expected wafer thickness will be reduced
to 120 pm in 2020 for crystalline silicon solar
cells'"’ | light management becomes more important
to maintain a high J_. The light management meth-
ods mentioned above may be combined to reach full
light utilization. This review presents selected state-
of-the-art light management techniques, and the
basic principles for the design of the light manage-
ment structures are summarized and discussed. For
clarification, compatible fabrication process should
be developed for specific light management structure
to fully utilize the beneficial of extra light absorp-
tion. For example, silicon nanowire arrays will in-
crease the cell surface area, new surface passivation
and electrode formation techniques are required to

optimize the performance of the cell **'.

2 Antireflection

2.1 Dielectric thin films coating
2.1.1

Dielectric thin films are generally used as AR

Basic principles

coatings base on mature and simple fabrication tech-

niques, such as PECVD or magnetic sputtering.

Fig. 1 illustrates the principle of thin film antireflec-
tion where one-layer thin film was used as an exam-
ple. The thin film creates double interfaces, resul-
ting in two reflected waves. If the relative phase shift
is 180° for the two waves, destructive interference
occurs, cancelling all the reflected waves partially or

completely before they exit the surface.

Air 1,
|

Thin film 1 n

Substrate UN

Fig. 1 Schematic of AR principle by thin films

Numerical design is an effective way to achieve
high efficiency silicon solar cells™'. To design effec-
tive dielectric thin film coatings, a convenient theo-
retical method was developed based on the concept

). Optical admittance is de-

of optical admittance
fined as the ratio of the magnetic and electric fields,
y =H/E, which is related to the refractive index of
the medium :

y =NY,
where N is the complex refractive index of the medi-
um and Y is the optical admittance in free space.
Under this definition, multiple thin films could be
replaced by a single surface with an admittance Y,
which is the ratio of the total tangential magnetic and
electric filed and is given by

Y =C/B,

where

B 9 [ cosd, (isind,)/m, 1
[C] ) { rl] |:i7;,.sin5,, cos0, J}|:7}"J ’
()
0, =2mNdcosf/A is the phase variation of the light
in the thin film, 7, is the optical admittance of the
" layer thin film counted from the air and 7, is the
transmittance

substrate admittance. Reflectance,

and absorbance of thin film coatings could be con-
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_ mB-C_ mB-C_, R = , (6)
R=Cod G @ [evea
4n,Re(m,) where C(A) is the internal quantum efficiency of the

= - (3)
(B + C) (B + C)

_ 4nyRe(BC” -1,)
(B + C) (B + C) ©

(4)

where 7, is the optical admittance of the air.

For completely extinction of surface reflection at
a certain wavelength A, single layer dielectric thin
film should fulfill the following requirements. First-

ly, the refractive index of the thin film should be n

= ./n_ + n,, where n_ and n, are the refractive in-
dex of the substrate and the incident medium. Sec-
ondly, the optical thickness of the thin film should
be odd numbers of quarter wavelengths( A/4). Sili-
con nitride approximately meets these requirements
for silicon substrate. And due to its compatible dep-
osition technique with crystalline silicon solar cells,
it is widely used in industrial solar cells production
nowadays. However, the exactly cancellation of the
reflection via single layer dielectric coating is only
valid for a specific wavelength. For a wavelength off-
set, the antireflection effect will be degraded dra-
matically.

For silicon solar cell application, the reflec-
tance should be minimized in a wide range of wave-
length, particularly under AMI1. 5 spectra. Multi-
layer thin films coatings or surface texture techniques
have been investigated for this purpose. To evaluate
the effectiveness of these AR structures, average re-

flectance under AMI1.5 spectra is proposed as,

fR(A)@(A)dA
R =

; (5)
£ B(A)dA

where R(A) is the reflectance varied with incident

wavelength, and @ (A) is the incident spectra.

Sometimes response of the silicon solar cell is also

considered for more accurate evaluation, which re-

sults in:

silicon solar cell.

As discussed above, antireflection design of sil-
icon solar cell usually demands a minimized total re-
flectance. However, sometimes the absorption of the
dielectric thin films is also very important for the op-
timization of silicon solar cell absorption, such as
TCO or silicon rich silicon nitride with a non-zero
optical extinction coefficient. For these cases, maxi-
mized transmittance is more suitable for the design of
optimized cell absorption'®’. And evaluation formula
can be easily deduced via substitute R(A) with T
(A) in equation (5) or (6), where T(A) is the
transmittance of the films.

2. 1.2  Multiple dielectric thin film coatings

As mentioned above, silicon nitride thin films
are commonly used for silicon solar cells as a single-
layer AR coating. To reach a wide range antireflec-
tion, double- or multiple-layer dielectric thin films
are required. Graded refractive index configurations
are usually adopted to form efficient AR coatings, in
which refractive index decreases sequentially from
the silicon substrate to the air. As silicon nitride is
generally used in silicon solar cells, the silicon-rich
nitride (SRN) thin film with high refractive index is
considered to construct double layer coatings with
silicon dioxide'”’. Numerical and experimental re-
sults show a relatively low surface reflectance could
be achieved compared with single silicon nitride, as
shown in Fig. 2. The minimum average reflectance is
only 1. 32% in the wavelength region of 400 —1 000
nm. The SRN/SiO, double AR coating is particular-
ly suitable for ploy-crystalline silicon solar cells, for
which the surface texture is difficult and multiple
thin films are commonly used as anti-reflection struc-
tures. However, the SRN thin film must have a rela-
tively high refractive index to reach a minimum sur-

face reflection. Therefore, the exira silicon content
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is consequently high, and extra absorption loss will
occur in SRN film. This will especially affect the
short wavelength region. A trade-off between low
surface reflection and SRN absorption result in re-

fractive index around 2.2 is adopted in the practical

application.
40
® 30 —a— Experiment
S —a— ¢-Si/SiN, simulation
2 —v— a-Si/SiN, simulation
£ 20
(o]
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o~
10
0
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Wavelength/nm
Fig. 2 Numerical and experimental reflectances of

SRN/Si0, double AR coatings'®’

SRN thin film can be treated as a mixture of sil-
icon and silicon nitride, in which the absorption due
to exira silicon is a total loss mechanism. Silicon ni-
tride covered silicon nanowires is another interesting
AR structure based on silicon and silicon nitride, in
which the generated carriers in silicon nanowires can
be gathered by the p-n junction. This structure can
be decomposed as three layer thin film coatings with
graded refractive indexes, and its AR properties can
be well simulated under transfer matrix calcula-
[7]

tion Under proper design using optical admit-

tance calculation, this triple-layer antireflection

Air, n=1.00

Nano-structured SiO:, n=1.07 #¢=200 nm

(a) Schematic of triple AR coating

coating can reach rather low surface reflectance, as
shown in Fig. 3. An average reflectance of 1.3%
under AM1. 5 spectra in 450 nm to 900 nm range
has been achieved with 60 nm silicon nitride coat-
ing'®'. However, the diameter of the nanowires in-
vestigated is around 250 nm in 450 nm pitch, which
is difficult for mass production. Novel technique
such as low-cost nano imprint should be developed

for its practical application.

100 — Uncoated flat Si (R=32.2%)
. == Uncoated Si NP (R=7.5%)
= 80 (=30 nm Si NP(R=2.5%)
§ ——= (=40 nm SiNP(R=2.1%)
N =50 nm Si NP(R=1.7%)
2 —-- =60 nm SiNP(R=1.3%)
o
E & T ———
=
&
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Fig. 3 Antirefleciton characteristics of silicon nitride

coated silicon nanowires, where ¢ is the thick-

ness of silicon nitride!®’

For thin films with graded refractive index pro-
file, if ultra low refractive index can be obtained for
the thin film adjacent to the air, it will be quite ben-
eficial for AR characteristics, which let the incident
light enter into the thin films more easily. Sameer
Chhajed deposited nano-structured SiO, thin film to
achieve an ultra low refractive index around 1. 07"

(see Fig.4). And combined with SiO, and TiO,, a

(b) SEM image of triple AR coating

Fig.4 Schematic and SEM image of triple AR coating with an ultra low refractive top layer
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triple-layer AR coating was fabricated with improved
antireflection characteristics. Except for low reflec-
tance over the whole solar spectrum, low reflectance
is also achieved in a wide range of angle of incidence
(AOI). An average reflectance of only 5.9% was
achieved in wavelength range of 400 — 750 nm and
incident angle range of 40 —80°. Compared to single
silicon nitride coating with an average reflectance of
17.3% , the surface reflectance is efficiently com-
pressed by the tripe-layer AR coating.

As theoretical calculation predicted, the multi-
ple graded index thin film coatings can perform a

near perfect antireflection' '’

Several deposition
techniques including the oblique angle deposition

was developed to achieve multi-layer thin films with

(a) SEM image of a seven-layer AR coating

graded index profile experimentally. An example of
multiple layer coatings was shown in Fig. 5", A
seven-layer thin film was deposited or co-sputtered
on silicon substrate. The bottom two layers are made
of TiO,, which have relative high refractive indexes.
The middle three layers are mixture of SiO, and TiO,
with different compositions. And the top layers are
made of porosity SiO, with ultra low refractive inde-
xes of 1.22 and 1. 09, respectively. An average re-
flectance over a wavelength range of 400 nm to 2 000
nm and a incident angle range of 8° to 60° was
measured. The graded index thin films achieved an
average reflectance of 3.79% which is much lower

than the traditional single A/4 coating(18.8% ).

0.8
TE AR coating
° 0.6 g=8° Silicon
?é ~ ~
‘;":J o = & Silicon
= e
i3
=4

02 174

Graded index
@

0
400 800 1200 1600
A/nm

(b) Deduced reflectance under 8° incidence for the AR coating

Fig.5 SEM image of a seven-layer AR coating with refractive index denoted, and deduced reflectance under 8°incidence

for the AR coating

2.2 Textured surfaces for antireflection

Surface texture is another most common tech-
nique to eliminate surface reflection of silicon solar
cells. Including pyramids texture which is already
generally used in industrial crystalline solar cells,
various texture structures have been developed for
silicon solar cell application, such as nanowire ar-
rays ( NWAs ), nanopores ( NPs ), subwavelength
structures ( SWS) , and other ordered periodic sur-

12141 Graded effective refractive inde-

face textures
xes of these structures result in ultra low surface re-
flection. In other hand, scattering effect in texture
surfaces also contributes to the AR ability.

2.2.1

Fabrication processes

Metal-assisted chemical etching is a convenient
way to fabricate nanostructure surfaces. This method
is broadly adopted due to its simplicity, large-scale
and low-cost fabrication processes. Many metals like
Ag, Au, Ptet al. can be used as an etching medi-
um. Fig. 6 gives an example of metal-induced chem-
ical etching process: Ag particles on H-teminated sil-
icon surface are deposited via electroless metal de-
positoin or thermal evaporation technique. Then the
sample was submerged in HF with H, O, oxidant for
chemical etching. Various possible cathode and an-
ode reaction processes have been proposed to explain
preferential etching at metal/silicon surface. The re-

action processes in Fig. 7 is one of the well accepted
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models for Ag-assisted reaction process ', After the
selective etching process, textured surfaces such as
nanowire arrays will be formed. Combine with other
mask technique , metal-assisted chemical etching can

be used for various texture surface fabrications.

. Si+t2H,0-SiO,+4H*+4e~ "
Si Si - 8i0,+6HF— H,SiF+2H,0

Si Si+6HF — H,SiF +4H +4e

Fig. 6 Schematic and proposed reaction processes of

Ag-assisted chemical etching process' "

Metal-induced growth can also form nanowire
arrays in an opposite direction compared with metal-
assisted chemical etching, which has been well
known as Vapor-Liquid-Solid( VLS) method. A thin
metal layer is pre-deposited/evaporated on silicon
substrate, and then the metal-coated substrate is an-
nealed under vacuum to catalyze the silicon nanowire
growth. Silicon nanowires are grown in a chemical
vapor deposition reactor with H, diluted pyrolyzing
silane as precursors. VLS method has a history of o-
ver 50 years, which is very mature for silicon
nanowires growth''®’.

Nano imprint is a low-cost technique for nano-
texture fabrication compared with lithography. In
this technique, nano-scale structures are firstly fab-
ricated via lithography technique (or two-beam inter-
ference lithography technique) on a flexible master.
Then the structures are transferred into UV sensitive

7] Reactive

resist via rolling press process(Fig.7) "
ion etching is finally applied for silicon surface tex-

turing. Though the master fabrication need lithogra-

phy technique, it can be repeatedly used which is

beneficial to mass production.

[

Master

Resist MESAREEEpEEpEpEpEpE

Substrate

Fig.7 Schematic of nano imprint process '’

Porous alumina membrane mask is generally
used to fabricate subwavelength AR structures. It
has been proved that two-step anodizing process can
form an ordered mask for silicon substrate etch-

18 .
"8 However, this process consumes very long

ing
time, and it is difficult to transfer the alumina mask
onto silicon substrate. Thus, a much convenient way
is to deposit alumina on silicon and then fabricate

the mask in situ. Fig.8 shows an example of surface

Ao [INATNNT

Si

1.Thermal oxidation 4.Pore widening

Al film SF,
F ARARRRR
2.Al film deposition S FAB etchi
ALO, ; etching

6.SWS

3.Anodization

Fig.8 An example of surface texture process via Al, O,

mask technology'"’

texturing process with Al, O, mask. 500 nm Al was
sputtered on silicon substrate with an oxidation sur-
face. Then the Al thin film was electrically oxidized
in oxalic acid solution under 40 V contrast voltage to

achieve a porous Al,O; mask. Phosphoric acid was
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used for the pore widening and then fast atom beam
etching was performed for silicon surface texture' '’

Also other techniques have been used for sur-
face texture or patterning, such as laser interference

PS sphere template etching“‘“f‘

lithography,
Sometimes combined techniques like template metal-
assisted chemical etching should be employed to
form specific texture surfaces >

2.2.2 Auntirefleciton properties of nano-textured sur-
Jaces

Textured surfaces include large-scale texture,
such as pyramids texture, and small-scale texture,
such as nanowires and nanopores. The AR princi-
ples for various size textures are quite different. For
texture with large scale far surpassing the incident
wavelength , the main AR mechanism is multiple re-
flections between different sides of the texture,
which can be easily understood under geometrical
optics. But for texture with small scale that can be
compared with the incident wavelength, the exact
behavior of the light must be predicted under wave
optics. Based on Maxwell equations, some numeri-
cal methods have been proposed for AR properties
calculation and design of these textures, such as
RCWA ( the Rigorous Coupled-Wave Analysis )
method. Furthermore, the Maxwell equations are
still undoubtedly suitable for characteristics predic-
tion of surface texture with scale far smaller than the
incident wavelength. However, since the texture
scale are too small, it seems like a uniform medium
from the incident light view. Thus, geometrical op-
tics can also be applied to explain some behaviors of
the light. An example has already been mentioned in
section 2. 1. 2 where effective refractive index has
been used to evaluate the AR ability of thin film coa-
ted nanostructures.

Large-scale texture techniques have already
been employed in industrial production. Researchers
are now devoted to small-scale texture techniques,
especially nano-scale texture techniques, which have

more efficient AR abilities. The most common nano-

textured surfaces used for silicon solar cell are
nanowire arrays ( NWAs ), nanopores ( NPs) and
subwavelength structures(SWS). Excellent AR abil-
ities have been proved on all these structures. Here,
random or ordered NWAs and moth-eye type SWS
structures are selected as identical nano-textured
surfaces.

NWAs fabricated via metal-induced etching u-
sually have disordered orientation, though metal par-
ticles moves in a preferential direction during the

12627)  Whatever, ultra low surface

etching process
reflection has been achieved on these disordered
NWAs. The reflectance of NWAs after different
etching duration is shown in Fig. 97!, Afier etching
for two hours or longer, reflectance below 3% has

been achieved in the whole wavelength range of 300

Etching temperature: 25 °C
40 Substrate A

W/O etching

Reflectance/ %

0 B . L

300 500 7(|)0 900 1100
Wavelength/nm

Fig.9  Reflectances of NWAs fabricated via metal-in-

duce etching for different durations'**’

—1 000 nm. The excellent AR characteristics of
disordered NWAs are benefited from the effective
graded refractive indexes and scattering between
nanowires. However, the long etching time in-
creased fabrication cost. Fast fabrication process
should be further developed for practical applica-
tion.

Another example of disordered NWAs was man-
ufactured by VLS method by G. Grzela'®'. The
NWAs with low filling fractions of 0. 02 for vertical
and 0. 005 for nonvertical nanowires were deposited

using gold as the induced grown metal. Thus, the

effective refractive index of the NWAs layer is very
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low which makes the incident light easily enter into
the layer. Then, the light is extinct by scattering
and absorption. Also, it is proved that the low filling
fraction NWAs have excellent anti-reflective abilities
in a wide wavelength range and incident angle
range , which is quite beneficial to solar cell applica-
tion.

Antireflection using period/ordered NWAs also
has been widely investigated. A convenient way to
obtain periodical NWAs is using self-assemble PS
sphere or other particles as masks. Crystalline sili-
con solar cell with an efficiency of 9. 24% has been
achieved using periodical NWAs as AR struc-

21 .
[ ]. Due to low surface reflectance as shown in

ture
Fig. 10, the current J_ reaches

29.5 mA/cm?® under AM1.5 illumination.

short-circuit

200.nm

(a) SEM images of nanowire arrays
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(b) Measured reflectances of the ordered silicon NWAs

Fig. 10 SEM image of nanowire arrays fabricated by PS
sphere template RIE etching, and measured re-

flectances of the ordered silicon NWAs!?"

Towards perfect surface antireflective character-
istics, complex nano-strutured surface were ex-
plored. The most famous architecture is moth-eye
type SWS. Moth-eye structures have a gradually de-

creased effective refractive index profile from the

substrate to the air, resulting in ultra low reflectance
in a wide wavelength and incident angle range. Q.
Chen fabricated moth-eye type nanopilliars using
nanoimprint technique. Ultra-low average reflectance
of 1% was achieved in the spectral range of 400 —
1 000 nm'"". And the average reflectance is still
under 8% for an incident angle of 60°. S. A.
Boden also proved reflectance below 1% in wave-
length range from 504 to 834 nm for moth-eye struc-
ture with a period of 193 nm. However, the reflec-
tance spectra exhibit a series of local maxima which
is very sensitive to the period of moth-eye struc-
ture ™" ( see Fig. 11 ). Thus, the parameters for
moth-eye and SWS structures should be carefully de-

signed for effective AR characteristics.

d=~193 nm

N

U\Ti

d=~335nm

A~/ O\

0 600 800 1000
Wavelength/nm

v

v

Reflectance/ %

=

Bo b »00 b~ 0O b %O & 0

Fig. 11 Morphology of moth-eye structures and meas-

ured reflectance!*"’

3 Light scattering and trapping

Low surface reflectance results in more light entering
into the silicon solar cell. However, the absorption
coefficient of silicon is very small for infrared inci-
dent light. Therefore, a certain long optical path is
required for full absorption and utilization of the in-
cident light. The absorption depth for 1 000 nm
wavelength is around 154 pm, which surpasses the
expected wafer thickness (120 wm) in 2020. For
this consideration, light scattering and trapping tech-

31]

nique'®"’, which can enhance the optical path and
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absorption ratio in silicon substrate, should be fur-
ther developed and investigated for full utilization of
the incident light with wavelength over 1 000 nm.
3.1 Front surface scattering

Nano particles scattering at the front surface is
proved an efficient way to increase absorption path
length of the incident light by scattering. Metal par-
ticle surface plasmon polaritons( SPPs) are common-
ly used to explain the scattering mechanism'*
Movements of electrons in metal particles under exci-
tation of incident light result in a buildup of polariza-
tion charges on the particle surface, which react as a
restoring force that resonates with a specific incident
wavelength. Thus the light with wavelength near the
resonant region will strongly scattered and absorbed.
Scattering and absorbing effects are dependent with
metal particle size. When the metal particles are
much smaller than the incident wavelength, the en-
hanced absorption will be dominated by metal self-
absorption. As the metal size increases, the domina-
ting extinction of the incident light will be dominated
by scattering, thus enhanced absorption of the cell
below could be achieved. However, when the size of
the metal particles surpasses a certain limit, scatter-
ing efficiency will degrade due to retardation effects
and higher order multipole excitation modes. Dielec-
tric nanoparticles also can cause scaltering effect
with less efficient due to the absence of plasmon res-
onance. But the dielectric particles have little or e-
ven zero absorption themselves, which is beneficial
to the cell absorption.

Reported particles applied in silicon solar cells
involves Ag, Au, silica particles et al. Thin film
deposition by thermal evaporation with subsequent
annealing is a mature method to fabricate metal par-
ticles on silicon solar cells. S. Pillai reported that
Ag particles enhanced cell performance on 300 pm
crystalline silicon solar cells. The photocurrent of
the cell over the whole spectra range has been im-
proved by surface plasmon effect, especially in infra-

red region. For an initial thickness of 12 nm Ag thin

film, the enhancement of photocurrent could reach
over 19% !, Meanwhile, P. Matheu found dielec-
tric particles such as silica nanopaticles are better
candidate for enhance cell efficiency by surface scat-
tering**'. After traditional cell fabrication, colloidal
nanoparticles were spin-on the surface of the cell. It
is proved the response of the cell could be improved
in the whole spectral region from 300 — 1 000 nm
with silica particles coating. And J of the cell was
enhanced for 8. 8% .

3.2 Back surface confinement

The intention of back surface confinement is al-
so to enhance infrared light absorption path length.
For this purpose, one way is using a high reflective
back reflector which would reflect the light back into
the substrate. However, if the light is vertically re-
flected to the front surface, it will penetrate the front
side AR coating and cause exira reflection loss.
Thus, only limited enhancement benefit could be ob-
tained by back surface reflection. Another method is
using a scattering back surface structure especially a
periodic gratings, which could scatter the light to
nonvertical direction. For silicon substrate, the
Brewster angel is only about 16. 6°. Thus, it will be
easily to achieve total internal reflectance at the front
surface with proper design of the gratings which can
depress O-order scattering. By this mean, the ab-
sorption path length will be effectively enhanced for
tens of times. As expected, towards perfect back
surface confinement, combination of high reflection
and scattering can form a very efficient light-trapping
structure.

Back reflector has already widely used for thin-
film solar cells'™’. Research on scattering back side
of silicon solar cell also has a long history. One-di-
mensional gratings under proper design can scatter
the light to +n order diffraction wave while zero-or-
der wave in vertical direction is depressed. For ex-
ample, optimized parameters for the rectangular
grating were calculated theoretically, which were:

grating period 620 nm, duty cycle 0.5, and depth
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60 nm. However, in this case, the refractive light
from back side with +n order modes will be reflec-
ted back by the front surface to the grating as +n
order incident. According to the reciprocity theo-
rem, this will excite the zero-order wave which can
vertically penetrate the front surface AR coating re-
sulting in extra loss. To conquer this problem, non-
symmetric or blazed graling geometries were pro-
posed **'. Both calculation and experimental results
proved that blazed gratings can efficiently depress
front surface reflection due to light confinement.
One example of combination of scattering and
reflection for light confinement was proposed by L.

37]

Zeng' Fig. 12 shows the schematic of the one di-
mentional gratings with Distributed Bragg Reflector
(DBR) reported for effective light confinement. In

this structure, the incident light will diffract via one

Air

Si

(Grating

T T T

100k —4— Si;Ny/Si DBR+grating
—e— Si0,/Si DBR+grating

—&— Si0,/Si DBR only

—¥— grating only

no back structure

-
-
e

¥
-
e
- F
_x" _e—®
o

v
vV —y~y—v—V

1000 1050 1100 1150 1200
Wavelength/nm

Fig. 12 Schematic of back surface confinement struc-
ture using gratings with DBR reflector, and
external quantum efficient enhancement by im-
proved light absorption"”’
References:

dimentional gratings and reflected effectively via the
DBR structure, especially for the wavelength region
of 800 —1 100 nm. Consequently, the cell based on
this back surface structure shows significantly im-
proved external quantum efficiency between the
wavelengths of 1 000 and 1 200 nm with enhance-
ment up to 135 times. Thus, considerably increased
overall power conversion efficiency has been a-
chieved.

Another kind of back scattering structure is
similar to the front side nanoparticle plasmon. By
thin film deposition of Ag and annealing, Ag particle
at back surface is proved to have the ability to en-
hance light absortption in the wavelength region over
1 000 nm'™/. And theoretical design of nanoparticle
shape and size for back surface confinement has

been explored for silicon solar cell application' ™’

4  Conclusion

Light management is one of the most critical factors
for full utilization of the incident light in crystalline
solar cells. Antireflection by thin film coating or tex-
tured surfaces guarantee more light enter into the
cell, while front surface scattering and rear side con-
finement enhance absorption path length of the light.
Nowadays, surface reflectance below 1% has alread-
y been obtained in a wide wavelength range via sev-
eral techniques. And light confinement or trapping
enhances the optical path length for hundreds of
times. Combination of the above techniques is one
way towards a perfect light management, such as
thin films covered texture surfaces with nanoparticle
scattering on the front surface or front surface antire-
flection combined with rear side confinement. Addi-
tionally, cost of the fabrication processes should be

certainly concerned for practical application.
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