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We have developed a simple and reproducible 2-step self-assembly method for the fabrication of

broadband, omnidirectional antireflection coating on glass substrate with 4 in. size. The glass surface has

been modified to be positively charged, then the negatively charged nano silica is self-assembled to the

glass substrate by electrostatic attraction. The nanostructure on the glass substrate reduces the reflection

significantly, which results in enhanced transmittance. Transmittance as high as 97.7% at 499 nm has

been obtained for a double-side coated glass substrate. Obvious reduction in weighted reflectance is still

observed up to 601 incident angle.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Photovoltaic technology has been getting more importance
nowadays due to the increased demand in the green energy
[1,2]. To improve its efficiency, antireflection coating is an
essential component in any kind of photovoltaic cells. The
common antireflection coating used in silicon solar cell is a
single layer homogenous SiNx deposited by an expensive PECVD
process. The SiNx single layer is simple, but there are two major
drawbacks in addition to the cost. A single layer SiNx can only be
optimized for minimum reflection at a particular wavelength of
interests, the reflectance increases when the wavelength is offset
from the target value. Broadband low reflectance can be achieved
with multilayer antireflection coating consisting of high and low
refractive index materials, but this increases the complexity. The
reflectance also increases sharply with increase in incident angles
for homogeneous thin films. This would result in a reduction of
conversion efficiency for oblique incidence of the sunlight, which
would be a significant disadvantage.

Therefore, there have been considerable efforts in developing a
broadband, omnidirectional antireflection coating in an effective
and simple way [3–13]. Oblique angle electron beam deposition is
one of the methods to fabricate broadband omnidirectional
antireflection coating [14,15]. Using this method, a porous
nanostructured thin film can be obtained. This allows us to
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control the refractive index of the material by controlling the
porosity. Chhajed et al. [14] have investigated the use of oblique
angle electron beam deposition for antireflection coating. The
trilayer structure they used is bulk TiO2 (n¼2.66)/bulk SiO2

(n¼1.47)/porous TiO2 (80% porosity, n¼1.07) [14]. The refractive
index of porous TiO2 thin film is very close to unity due to its high
porosity. The final average reflectance has been reduced to 5.9%
compared to 17.3% of the conventional single layer Si3N4

antireflection coating [14]. Reflectance was still below 25% at an
incident angle of 801 [14]. The low reflectance was attributed to the
gradient refractive index of the trilayer structure. Chang et al. [15]
have also used the same method to fabricate single layer tapered
ITO nanocolumn on silicon substrate. The low reflectance of 6% has
been maintained up to 701 incident angle. They have used rigorous
coupling wave analysis (RCWA) to calculate the refractive index,
and found that the tapered ITO nanocolumn functioned as a
gradient refractive index layer. This results in a large reduction
in the reflectance. Although this method is promising, the machine
geometry is quite complex and the fabrication method is quite
expensive.

Compared to vacuum deposition techniques, solution processing,
such as self-assembly method or spin coating, represents a simpler
and more cost effective thin film fabrication method [17–21]. Jiang
and McFarlund [17] and Sun et al. [18] have blended nano silica into
a monomer and optimized the spin-coating process and UV curing
process to form a regular non-close pack structure on a 4 in. size
wafer. Then, a 2-step reactive ion etching (RIE) process was carried
out to etch away the polymer and then etch the pattern into the
silicon wafer. The nanostructure on the silicon wafer reduces the
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Fig. 1. Schematic diagram of the reflectance measurement system. The sample is

placed in the center of the integrated sphere with 81 tilting with the x–y plane. The

sample is rotated through 0–601 for angular dependent reflectance measurement.
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reflectance dramatically to below 1%. Still, the fabrication steps are a
bit complex, involving optimizing a lot of parameters. Self-assembly
method, on the other hand, is much simpler. The most critical
parameters are the solution concentration and the immersing time
only. Zhang et al. [21] have reported using the self-assembly method
to assemble multilayers of polycations and polyanions on top of a
glass substrate. Glass substrates were first treated by Piranha-
solution. The glass surfaces were hydroxylated [22]. Then
fabrication was started by self-assembling a polycations, poly
diallyldimethylammonium (PDDA), on the glass substrates. Then
the polyanion layer, sodium poly(4-styrene sulfonate) (PSS), was
self-assembled. These steps were repeated to fabricate four to five
PDDA/PSS bilayers. Then, a single layer of PDDA was self-assembled
on top of (PDDA/PSS) multilayers to make the surface positively
charged. Finally, the negatively charged nano silica and postively
charged titanium dioxide were sequentially self-assembled on top of
the polymer multilayers by electrostatic attraction [21]. They have
successfully demonstrated that the transmittance of the glass was
improved as well as keeping the self-cleaning property [21]. The self-
cleaning property was demonstrated by the small water contact
angle with the TiO2 nanoparticle coating under UV-A irradiation [21].
However, it is still very time consuming to coat 4–5 bilayers of
polycations and polyanions to modify the surface properties of the
substrate before coating the nanoparticles.

In this work, our objective is to use a simple and reproducible
method to fabricate a broadband and omnidirectional antireflec-
tion coating. Compared to the vacuum E-beam techniques [14,15]
and the 10–12 self-assembled layers reported by Zhang et al. [21],
we attempt to use a simplified self-assembly method to fabricate
negatively charged nano silica on glass substrates, which involves
only two self-assembled layers and still offer good antireflection
property.
2. Experimental details

All the solvents and chemicals are used as received. 3-Amino-
propyltrimethyoxysilane (APTMS) was purchased from Lancaster
Synthesis Inc. Mono-dispersed nano silica colloidals (MP1040 and
MP2040) were supplied by Nissan Kagaku, Japan. The antireflection
coatings were prepared on soda lime glasses by self-assembly
method on both sides of the glasses. Silicon wafers with native
oxide were used instead of glass substrates for surface morphology
characterization. The self-assembly method was simple in which
no vacuum equipment were needed. Moreover, the method we
developed involved only two self-assembled layers. First, all the
substrates were thoroughly cleaned before coating the nano silica.
Soda lime glass substrates were cleaned with a concentrated
H2SO4/H2O2 (7:3 v/v) solution and then washed with 18 MO
deionized water, while the silicon substrates were ultrasonicated
in ethanol, acetone and deionized water sequentially. The cleaned
substrates were then ultrasonicated in methanol, methanol/
toluene (1:1) and toluene in sequence. The substrates were then
treated by immersing in 1% v/v APTMS in anhydrous toluene
solution for 30 min. Then they were briefly rinsed with toluene and
immersed in a heat toluene around 80 1C for another 30 min. The
cooled substrates were then rinsed and ultrasonicated with
methanol/toluene (1:1), methanol and deionized water in a
sequence for 2 min each step. The treatment procedure is described
in Ref. [23]. By treating with APTMS, the glasses were silanized
[22,24]. After rinsing with deionized wafer, the glasses were blow
dried by N2. They were then immersed vertically into the negatively
charged mono-dispersed nano silica colloidal solution MP1040, or
MP2040 for 5 min, rinsed with deionized water twice and blow
dried by N2. The size of nano silica in MP1040 is around 126 and
that of MP2040 is around 200 nm.
Surface morphologies and cross-sections of the antireflection
coatings were examined with scanning electron microscopes (JEOL
JSM-7001F). The direct transmittances were measured by the
Varian Cary 50 UV/Vis Spectrometer. Total transmittances were
measured with an integration sphere and a spectrometer with a
halogen light source. Reflectances were measured with an inte-
grated sphere, a Xenon lamp and a spectrometer. The samples were
placed in the center of the integrated sphere tilted at 81with the x–y

plane. For angular dependent reflectance measurement, the sam-
ples were kept at 81 tilting with the x–y plane and they were rotated
from 01 to 601 about the z-axis (Fig. 1). The back side of the sample
was covered by a non-reflective black card during the reflectance
measurements to avoid unwanted signal transmission through the
sample.
3. Results and discussion

Fig. 2 shows the SEM images of the Si wafer coated with MP1040
and MP2040. Since the surface properties of Si wafer with native
oxide are similar to those of glass, the morphologies of the samples
fabricated on glass substrates are similar to that on Si wafer, which
are not shown. The nano silica spheres are self-assembled in a
random non-close packed manner for both samples, which is
similar to that obtained from Ref. [21]. We have repeated the
fabrication process of the MP1040 sample on a 4 in. silicon wafer.
Very similar morphology has been obtained at the four corners and
at the center of the wafer (SEM images are not shown). The good
uniformity and good reproducibility over large area are essential to
bring this technology to real applications.

Fig. 3 shows the direct transmittance of soda lime glasses with
or without double-side coating of MP1040 or MP2040. The direct
transmittance is enhanced in the whole spectrum for MP1040
sample compared to that of the bare glass. The peak transmittance
of 97.7% is obtained at 499 nm for the MP1040 sample. The high
transmittance and the peak location agree well with a previous
report on self-assembly method for antireflective coatings [21]. We
have also attempted to tune the transmittance peak by using larger
nano sphere MP2040. The coverage of the MP2040 nano silica is
about 45%, which results in an effective refractive index equal to
1.25 by the effective medium theory [25,26]. For the MP2040
sample, the transmittance is enhanced from 600 to 900 nm
compared to that of the bare glass and the broadband high
transmittance of 95.5% from 750 to 900 nm has been observed.
For wavelengths shorter than 600 nm, the transmittance of the
MP2040 sample is lower than that of the bare glass. Similar
observations were reported by coating nano silica with different
sizes on glass substrates [27–29]. Yancey et al. [27] investigated
coating of nano silica of sizes from 15 to 85 nm . The transmittance
was tuned by their film thickness. They also observed the lower
transmittance compared to a bare glass for a thicker film. The
decrease in peak transmittance was explained by stronger diffuse



Fig. 2. SEM images of the morphology of (a) MP1040 sample and (b) MP2040 sample; and the cross-sectional images of (c) MP1040 sample and (d) MP2040 sample.

Fig. 3. Direct transmission spectra of MP1040 sample, MP2040 sample and the bare

glass. The blue inverted triangle line shows the total transmittance measured with

an integration sphere for MP2040 sample. The different in total transmittance and

the direct transmittance shows stronger scattering of MP2040 sample in short

wavelength region. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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scattering, which increases with particle size [27]. Deák et al. [28]
also have reported a lower transmittance at wavelengths shorter
than �600 nm compared to bare glass, when two layers of 107 nm
silica were coated on a glass substrate . This observation is very
similar to our results for a mono-layer of 200 nm silica particles.
They explained their results by enhanced absorption in the glass
substrate. In our case, the fall in the transmittance in MP2040
sample below the bare glass in our study could be attributed to the
enhancement in absorption and in total reflectance. With a single
layer antireflection coating of nano silica spheres with 200 nm
diameter, the minimum reflectance should occur at �800 nm.
When the wavelength is offset from 800 nm, the reflectance
increases. Also, with the 200 nm nano silica sphere, the light
scattering property becomes more significant [27]. The larger
scattering could increase the haze, which will be useful to
improve light trapping efficiency in thin film solar cell
applications in addition to the antireflection properties. No
obvious scattering is observed in the MP1040 sample. Since the
MP1040 sample has overall higher transmittance, we have further
characterized it with reflectance measurements.

It can be seen from Fig. 4a that the reflectance of the MP1040
sample is much lower than that of the bare glass in the whole
spectrum from 400 to 900 nm, especially in the visible region. The
minimum reflectance occurs at around 435 nm. The reduction in
the reflectance might be attributed to the lower effective refractive
index of the coating, which is about 1.38 calculated by the effective
medium theory with 74.5% coverage of nano silica. The optical
thickness for minimum reflection occurring at 435 nm should be
equal to l/4 (�109 nm). This value is consistent with the diameter
of the nano silica (�126713 nm). For the MP2040 sample, the
reflectance minimum should be around 800 nm (4 times the
diameter of the MP2040 particle), which is also in good
agreement with the high transmittance observed in Fig. 3. By
using particles with different sizes or by fabricating antireflection
coating with different thicknesses, the transmittance and the
reflectance can be controlled.

Fig. 4b shows the weighted reflectance at different incident
angles calculated according to the following equation:

Rw ¼

Z 900

400
RðlÞIðlÞdl=

Z 900

400
IðlÞdl ð1Þ

where Rw is the weighted reflectance, R is the reflectance from 400
to 900 nm, and I(l) is the intensity of light at particular wavelength



Fig. 4. (a) Reflectance measurement at 81 incident angle and (b) weighted

reflectance at different incident angles.

Fig. 5. Angular dependent reflectance of (a) bare glass and (b) MP1040 sample.
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and measured R(l) is the reflectance at a particular wavelength. The
weighted reflectance is still much lower than the bare glass even at
a large incident angle of 601. Also, at large incident angles, where
the glass weighted reflectance increases sharply, the reflectance of
MP1040 sample only slightly increases.

Fig. 5a and b shows the angular dependent reflectance of bare
glass and MP1040 sample, respectively. The reflectance of the
MP1040 sample has been suppressed significantly from 400 to
900 nm even at a large incident angle of 601 compared to that of the
bare glass. At this angle, the reflectance at longer wavelengths
starts to increase, but it is still well below 3.5%, while the
reflectance of glass is above 12% in the whole spectrum at 601
incident angle. The broadband low reflectance with omnidirec-
tional properties might be attributed to both the lower effective
refractive index, the graded-index profile and the spherical shape of
the silica [8,10–16]. The reduction in reflectance can result in
enhancement in the power conversion efficiency of a solar cell
[30,31]. More importantly, the low reflectance at larger incident
angle can minimize the variation of power conversion efficiency in
a day. Thus, a simpler solar system can be designed.
4. Conclusion

In summary, broadband omnidirectional antireflection coating
has been fabricated by a simple 2-step self-assembly method on a
4 in. substrate. The reflectance of the MP1040 sample has been
reduced significantly to less than 3% in the whole spectrum from
400 to 900 nm. This results in ultrahigh transmittance of 97.7% at
499 nm for a soda lime glass with MP1040 coated on both sides. The
weighted reflectance of the MP1040 sample is much lower than the
bare glass and well below 3% at 601 incident angle. In this method,
the optical properties can be tuned by using nano spheres of
different sizes, or different thicknesses of antireflection coating. We
have demonstrated that the transmittance peak can be shifted by
using a larger nano silica (MP2040 �200 nm) to �800 nm. The
fabrication method also shows a good uniformity and reproduci-
bility for a 4 in. substrate. We believe that a simple, reproduci-
bleand low cost method to fabricate broadband omnidirectional
antireflection coating should have a large impact in photovoltaic
applications.
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