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bstract

Solar cell nano-structured anti-reflection coatings based on graded index (GI) and mode coupling are all proposed to significantly
educe the reflection from semiconductor–air interface. In this work, it is shown that purely graded index approach can lead to
egradation of long wavelength absorption by eliminating quasi-guided mode excitation. The reason is that the physically graded
ayer not only provides low reflectance path from air to semiconductor, but also from semiconductor to air, leading to photon escape.
his results in out-coupling of photons from the semiconductor to air. On the other hand, anti-reflection coating based on mode
oupling does not suffer from degraded long wavelength absorption and it is capable of acting as one-way photon pass coating.
t is found that the sidewall thickness of mode coupling anti-reflection coating has significant impact on its effectiveness for anti-
eflection, and therefore the selection of process methods is critical for its low reflectance. It is proposed that the purely graded index
oating is more suitable for wafer-based photovoltaics where full absorption is possible by two photon traces. The mode coupling
oating is suitable for both wafer-based photovoltaics and thin-film photovoltaics since it provides not only low reflectance but also

ong wavelength quasi-guided mode excitations. In the end, new types of anti-reflection coating and light trapping structure are
roposed to further enhance the performance.

2014 Elsevier B.V. All rights reserved.
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. Introduction

Photonic nano-structures have been emerging as
romising candidates for anti-reflection (ARC) coatings.
pecifically for solar cells, broadband low reflectance is

he basic requirement for effective ARC to accommodate

he broad solar spectrum. Several schemes are pro-
osed, among which the most effective one shows decent
roadband characteristics is so-called graded index
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(GI) approach. Anti-reflection coatings falling into this
category includes dielectric multi-layer structures [1],
semiconductor nano-tips [2], and closely related dielec-
tric nano-structures [3,4] which can actually be regarded
as a pseudo-graded index approach. In this work, it is
going to show that while purely graded-index approach
can provide broad-band low-reflectance characteristic, it
can significantly degrade long wavelength waveguiding.
This is because the low reflectance is based on physically

graded index and, therefore, the low reflectance nature
exists for both air to semiconductor and semiconductor
to air incidence. Since photons can easily go through the
graded index layer from semiconductor to air, they can
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taken to be 0.3 �m and thus VSi,Ref = P × P × 0.3 �m.
Fig. 1. The simulation structure for (left) the anti-reflection coating
reflectance and (right) the solar cell absorbance.

easily escape the device leading to degraded long wave-
length light trapping. Another category of anti-reflection
coating does not count on physically graded material lay-
ers and instead it utilizes the mode coupling through the
periodic grating structures on the solar cell front surface.
This category includes ZnO nanorods [5], surface plas-
mon ARCs [6–9], grating couplers [10], and the recently
proposed, very promising dielectric ARC based on Mie
scattering [11]. It is shown here that ARC based on mode
coupling is more robust to long wavelength absorbance
degradation because the mode coupling ARC does not
provide low reflectance path for photons coming from
semiconductor to air. Therefore, it provides one-way
photon pass, compared to the significant photon out-
coupling resulted from the graded index ARC.

2. Geometry and simulation details

In this study the reflectance and absorbance
are calculated for silicon solar cells with various
nano-structured ARCs. The structure for absorbance cal-
culation is ARC + 0.3 �mSi + Ag, while the structure for
reflectance calculation is ARC + Si + perfectly matched
layer (PML). It is a common practice to include only the
front surface texture when comparing the effectiveness
of anti-reflection characteristics [1–3,11].

The study of photon in- and out-coupling is done
by calculating the reflectance from air through ARC to
Si, and the reversed reflectance from Si through ARC
to air, as illustrated in Fig. 1. When calculating the
reversed reflectance, the imaginary part of silicon dielec-
tric constant is neglected due to the constraint that the
source region cannot be lossy. This practice has been
employed in the literature [12]. In fact, the purpose of
this work is studying the degradation of long wavelength

guided modes, and the imaginary parts of dielectric
constant at long wavelength are generally not very sig-
nificant due to weak material absorption. It is going to
mentals and Applications 12 (2014) 493–500

show later that one-way photon pass is the key for anti-
reflection coatings to have both low reflectance from air
to semiconductor and strong quasi-guided modes at long
wavelength to maintain solar cell light trapping.

In most of the solar cell technologies including wafer-
based photovoltaics and multi-junction solar cells, the
metal contact will be deposited through the vias in
the insulating ARCs. In the case where transparent
conducting contacts are needed, the ARCs materials
presented in this paper can be replaced by transparent
conducting oxide (TCO) such as indium tin oxide (ITO),
aluminum doped zinc oxide (AZO), fluorine-doped tin
oxide (FTO). Nevertheless, it should be pointed out that
the comparison presented in this work, i.e., difference
between graded index ARCs and mode coupling ARCs,
will not change.

In this work, the choice of materials, i.e., SiO2 TiO2
Si3N4, is to align with the literature [1–3,11]. For wafer-
based or multi-junction photovoltaics, insulators are
frequently used as ARCs and the reflectance is more
important since photons can be absorbed in one or two
photon passes. For thin-film photovoltaics, TCOs are
frequently used as ARCs and the absorbance is more
important since the photons cannot be absorbed fully
within two photon passes. In order to have a unified mate-
rial selection and fair comparison, same ARC materials
are used for both absorbance and reflectance calcula-
tions. Nevertheless, changing ARCs to other materials
instead of what is used in this work will not change the
key observation and conclusion presented here.

The absorbance is calculated by integrating the power
dissipation in silicon:

A(λ) = 1/2
∫
V

ωε0ε
′′(λ)| �E(�r)|2dv

1/2
∫
S
Re{ �E(�r) × �H∗(�r)} · d�s

(1)

where ω is the angular frequency, λ is the free space
wavelength, ε0 is the permittivity in vacuum, and ε′′ is
the imaginary part of complex semiconductor dielectric
constant. The normalized integrated absorbance can be
defined to compare different ARCs. This is needed since
the active silicon material volume might be different for
various ARCs.

AInt = VSi,Ref

VSi

∫
λ
hc

Ω(λ)A(λ)dλ
∫

λ
hc

Ω(λ)dλ
(2)

where VSi,Ref is the silicon volume of one period (P)
for the planar cell. In this study the silicon thickness is
VSi is the silicon volume of one period for the solar cell
structure with a specific front surface coating. Ω(λ) is
the AM 1.5 solar spectrum in unit of J s−1 cm−2 nm−1,
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ig. 2. Illustration of purely graded index ARC using planar multi-
ayer.

is the Plank constant, λ is the free space wavelength,
nd c is the speed of light. The details for calculating
bsorbance can be found in Refs. [13–15]. The mate-
ial optical constants are from Rsoft material database
16]. The calculation is conducted by Rsoft Diffractmod
16], which solves Maxwell’s equations using a series
xpansion by waveguide modes.

. Graded index approach

The geometry of the multi-layer dielectric ARC
s from Ref. [1] where t1 = 200 nm, t2 = 120 nm,
3 = 45 nm. When calculating the reflectance, the struc-
ure is ARC + Si + PML. The planar multi-layer is
he most common ARC and layer-by-layer deposition
an be employed to construct this type of struc-
ure. When calculating the absorbance, the structure
s ARC + 0.3 �mSi + Ag reflector. Planar multi-layer
ielectrics are the simplest form of graded index ARC
s illustrated in Fig. 2. From Fig. 3, the reflectance is
maller than 5% except for the short wavelength. The
mprovement over a single layer dielectric ARC [1] is

ue to the interference effect initiated by the multiple
ielectric interfaces and the compromise over the full
pectral range. The reflectance can be further decreased
y increasing the number of layers. For absorbance in

ig. 3. Planar multi-layer purely GI ARC characteristic. (Left) reflectance fr
tack of ARC, 0.3 �m Si and a silver reflector.
mentals and Applications 12 (2014) 493–500 495

Fig. 3, the mode excitation is very weak due to the
easy-in-easy-out nature of planar multi-layer dielectrics,
leading to photon escape. It should be pointed out that
even without large angle diffraction, planar structure
can exhibit strong-guided mode peaks by Fabry–Perot
resonance [10,17]. Therefore, the graded-index ARC
essentially eliminates the possibility of confined modes
here due to significant photo out-coupling. This can be
best reflected by computing the reflectance for the cases
where photons are incident from air to Si and from Si to
air, as illustrated in Fig. 3. The similar reflectance from Si
to air and from air to silicon is due to the planar geometry.
While the reflectance from air into silicon is lowered by
ARC, the reflectance from silicon to air is also decreased
significantly. This leads to the difficulty to trap the pho-
tons inside the silicon film, resulting in low absorbance
for long wavelength as seen in Fig. 3. The normalized
integrated absorbance is 0.119. The integrated metal loss
is 0.061.

The geometry of silicon nano-tip ARC is from Ref.
[2] where L = 1.6 �m and P = 0.2 �m. The ultra-long
silicon nano-tips are formed by firstly depositing a self-
assembled monolayer (SAM) of metal nano-particles.
The metal nano-particle array then serves as an etching
mask during anisotropic dry etching process. Finally,
the metal particles are removed after silicon nano-tips
are formed [2]. When calculating the reflectance, the
structure is ARC + Si + PML. When calculating the
absorbance, the structure is ARC + 0.3 �mSi + Ag
reflector. Silicon or semiconductor nano-tip is the most
famous example of graded index (GI) ARCs as illustrated
in Fig. 4. The physically graded geometry leads to the
grading of the effective index. Nonetheless, this effect
is also dual-way since the photons incident from silicon

to air also see the effective index grading. In Fig. 5,
the reflectance of silicon nano-tip GI ARC is extremely
low, <1% for the entire spectral range, reflecting the

om air to Si and reflectance from Si to air. (Right) absorbance for a
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physically graded layers are used to reduce the reflection
Fig. 4. Illustration of purely graded index ARC using silicon nanotips.

effectiveness of index grading. Nevertheless, the long
wavelength quasi-guided mode excitations are annihi-
lated, similar to the case of the planar multi-layer GI
ARC where long wavelength absorption peaks are very
weak. The photon escape also exists for silicon nano-tip
ARC, due to its index grading using physically tapered
geometry. The photon escape is particularly severe for
long wavelength part of the spectrum, as illustrated the
reflectance plot in Fig. 5. The normalized integrated
absorbance is 0.160. The integrated metal loss is 0.051.

The dielectric nanotip ARC can be regarded as a
pseudo graded index (GI) ARC because there exists a
heterogeneous interface between dielectric/Si [3]. The
perfect index grading from air to Si is broken at the
dielectric/Si heterogeneous interface. The geometry of
the dielectric nano-tip pseudo-GI ARC is P = 600 nm
as illustrated in Fig. 6 [3]. Here the dielectric is cho-
sen to be titanium oxide (TiO2). The dielectric nano-tip
ARC is not a purely GI approach since the index grading
is discontinued at TiO2–Si interface. The TiO2 nano-
tips as illustrated in Fig. 6 can be formed by firstly

depositing a polystyrene (PS) sphere monolayer as a
stencil mask and then depositing TiO2 thorough the
spacing between PS spheres [3]. The cross-sectional

Fig. 5. Silicon nanotip purely GI ARC characteristic. (Left) reflectance from
of ARC, 0.3 �m Si and a silver reflector.
Fig. 6. Illustration of pseudo-graded index ARC using dielectric nan-
otips.

view is nano-island and the top view is nano-islands
arranged in an array. When calculating the reflectance,
the structure is ARC + Si + PML. When calculating the
absorbance, the structure is ARC + 0.3 �mSi + Ag reflec-
tor. It is worth mention that dielectric nanotip shows a
little higher reflectance compared to the planar multi-
layer ARC or the Si nanotips. This is due to the existence
of heterogeneous interface between TiO2 and silicon
where perfect index grading is broken. Nonetheless, due
to this TiO2/Silicon interface, the severe photon out-
coupling also disappears, evident from the reflectance
plot in Fig. 7. In the absorbance plot in Fig. 7, the
quasi-guided mode excitation is very pronounced, mani-
festing the superior light trapping property. Therefore,
the pseudo-grade index ARC is more suitable for thin-
film photovoltaics due to its superior mode excitation,
but not suitable for wafer-based photovoltaics due to its
higher reflectance resulted from a broken index grad-
ing. The normalized absorbance is 0.382. The integrated
metal loss is 0.159.

4. Mode coupling approach

In contrast to the graded index approach where the
of semiconductor–air interface, the gratings or other
periodic structures can also be used. The physics of low
reflectance for the mode coupling ARCs is the forward

air to Si and reflectance from Si to air. (Right) absorbance for a stack
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Fig. 7. Dielectric nanotip pseudo-GI ARC characteristic. (Left) reflectance from air to Si and reflectance from Si to air. (Right) absorbance for a
stack of ARC, 0.3 �m Si and a silver reflector.

Table 1
Comparison of different anti-reflection coating.

Type of ARC (Purely graded index)
Multi-layer dielectric

(Purely graded
index)
Si nanotip

(Pseudo-graded
index)
TiO2 nanotip

(Mode coupling)
Mie scattering

A 0.04% 4.87% 1.87%
N 0.159 0.381 0.380

d
d
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d
m
i
p
a
T
a
c

F
s

veraged reflectance, Ravg 4.39%
ormalized silicon integrated absorbance (AM1.5) 0.119

iffraction orders initiated by the front surface grating,
ielectric or metallic scatterers, or other nano-structures.
n order to lower the reflectance, the forward diffraction
ower should be maximized. In the case where back
eflector exists, i.e., absorbance calculation, the forward
iffracted photons are coupled into the waveguide
odes of the solar cell structures. ARCs that fall

nto this category include ZnO nanorods [5], surface
lasmon metal spheres [6–9], grating couplers [10], and
recently proposed Mie scattering based structure [11].

he Mie scatterer as illustrated in Fig. 8 is selected
s an example for mode coupling ARC. The cylindri-
ally shaped Mie scatterers are formed by firstly dry

ig. 9. Mie scattering mode coupling ARC characteristic. (Left) reflectance
tack of ARC, 0.3 �m Si and a silver reflector. P = 450 nm, tSi3N4 = 50 nm, hg
Fig. 8. Illustration of mode coupling ARC using Mie scattering.

etching the silicon. Afterward, conformal Si3N4 layer

is deposited on top of silicon. The physics is that the
nano-scaled dielectric scatterers initiate Mie modes and
facilitate photon forward scattering and in-coupling into
the semiconductor film [11,18]. The geometry is from

from air to Si and reflectance from Si to air. (Right) absorbance for a
= 150 nm, D = 125 nm, tSW = 75 nm.
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Fig. 10. (a) The pattern-designed air-hole anti-reflection coating. (b)
grating is formed to bend the active silicon layer.

[11]. When calculating the reflectance, the structure is
ARC + Si + PML. When calculating the absorbance the
structure is ARC + 0.3 �mSi + Ag reflector. This class of
ARC does not count on, or at least totally count on, index
grading to achieve the low reflectance, and it is expected
that the photon out-coupling will not be as pronounced
as in purely graded index ARC. It can be seen from
Fig. 9 that the reflectance is effectively reduced to <5%
for the entire spectral range of interest. The reduction
of reflection is because the silicon Mie scatterers effec-
tively couple the photons into the forward propagation
direction by mode coupling. In the case of a real solar
cell where a back reflector exists, the dielectric scatterers
will couple the photons into the Bloch propagation
modes. On the contrary, the purely graded index ARC
tends to couple the incident photons into leaky modes
leading to the disappearance of guided mode excitations
and degraded light trapping. This is evident from Fig. 9
where the reflectance from both air to Si and from Si to air
is shown. In Fig. 9, the photon out-coupling disappears
and the easy-in-easy-out nature associated with purely
GI ARC no longer exists. From the spectral response it is
seen that long wavelength quasi-guided mode excitation

is very pronounced, manifesting the fact that the pho-
tons are effectively coupled into the Bloch propagation
modes. The normalized integrated absorbance is 0.3797.
The integrated metal loss is 0.14. Table 1 compares the
ortance of bended light path for thin-film light trapping. The bottom

normalized absorbance for different ARCs. It is
worth mention purely graded index ARCs lead to low
absorbance due to the annihilation of quasi-guided
mode excitations.

5. A pattern-designed photonic crystal
anti-reflection coating and the importance of
bended light path

Fig. 10 illustrates a new type of anti-reflection coating
with geometry optimization with a genetic algorithm.
The design is air-hole photonic crystal with complex
photonic pattern illustrated in Fig. 10(a). The cross-
sectional view reveals that it is air-hole design with air
void patterned in dielectric layers. The top view shows
that the complex photonic pattern is formed and, there-
fore, the shape of air-holes consists of four green circles.
This proposed structure demonstrates the importance
of pattern design and geometry optimization. The opti-
mized geometry in this case is t1 = 63 nm, t2 = 84 nm,
t3 = 48 nm, P = 397 nm, D = 151 nm, using genetic algo-
rithm global optimization. The averaged reflectance
is 0.81%, which is much lower than TiO2 nano-tips

and Mode coupling ARC evident from Table 1. The
reflectance is slightly higher than ultra-long silicon nano-
tip ARC in Section 3, but ultra-long silicon nano-tips is
impractical due to severe surface recombination, bulky
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ig. 11. The reflectance and absorbance plots for the structures propo
ig. 10(a). (Right) the absorbance for the structure in Fig. 10(b) with

imension, and poor light trapping, which are also evi-
ent from Table 1. In Fig. 10(b), we pinpoint that the
ey factor for thin-film solar cell light trapping is, in
act, the bended light path. In this scenario, the active
ilicon layer is no longer planar, and it is bended to
nhance the effective path length for photons. In order
o achieve bended silicon absorber, the bottom grating
n SiO2 layer is essential. As a result, in addition to the
roper selection of ARC structure, the bended absorber
s also critical for superior light trapping. The optimized
eometry for this structure is tSiO2 = 74 nm, hg = 129 nm,
s = 100 nm, P = 554 nm, D = 373 nm. The integrated

bsorbance is 0.60, significantly higher than any value
chieved in Table 1. In order to achieve a bended active
bsorber layer, deposition of silicon thin-film on a cor-
ugated metal or glass substrate is feasible in practice
uring semiconductor processing. This leads to so-called
ubstrate-type thin-film solar cells or superstrate-type
hin-film solar cells. It should be pointed out that pattern
esign similar to Fig. 10(a) is also possible for Fig. 10(b),
hough a simple circularly shaped grating is used to iso-
ate the effect of bended-light-path for photovoltaic light
rapping (Fig. 11).

. Conclusion

This work shows that the purely graded index (GI)
nti-reflection coating (ARC) can degrade the long
avelength light trapping by annihilating guide mode

xcitation. The degraded light trapping is due to the easy-
n easy-out nature of the physically index-graded ARC
ayers. This is confirmed by calculating the reflectance

rom air to silicon and from silicon to air through the
raded index layer. It is found that purely graded index
RC results in photon out-coupling leading to photon

scape from the active absorbing materials. ARC based
ig. 10(a) and (b), respectively. (Left) the reflectance from air to Si for
Si and a silver reflector.

on mode coupling does not suffer from easy-in easy-out
problem and thus it can provide one-way photon pass
which not only reduces air to silicon reflectance but pro-
hibits silicon to air photon escape. The sidewall thickness
of mode coupling ARCs is critical for its low reflectance
characteristic and thus process methods should be care-
fully selected. This work identifies the one-way photon
pass is the key factor to provide both low air-to-Si
reflectance and strong long wavelength guided mode
excitations for solar cells. It is suggested that the purely
graded index ARC is more suitable for the case where the
semiconductor thickness is thick enough to absorb sun-
light in two photon traces, e.g., wafer-based solar cells.
For pseudo-graded index ARC the perfect index grading
is broken, and it is suitable for thin-film photovoltaics
due to its superior mode excitation but not suitable for
wafer-based photovoltaics due to its higher reflectance
resulted from the broken index grading. Mode coupling
ARC can be used for both wafer-based and thin-film
applications since it provides low reflectance and pre-
serves quasi-guided mode excitations. In the end, the
photonic pattern-designed air-hole anti-reflection coat-
ing is proposed where the averaged reflectance is lower
than previously proposed TiO2 nano-tip ARC and Mie
mode coupling ARC. In addition, the importance of
bended light path for photovoltaic light trapping is pin-
pointed and the integrated absorbance achieved is >0.6
for only 0.3 �m active silicon layer.
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