broadband AR performance in mind, and without
regard to periodicity, the structures should have,
at the same time, a tapered profile and a size smaller
than the incident wavelength; furthermore, the
height should be as tall as possible to cover a very
broad range of wavelengths [23—25]. However, due
to the practical difficulties of fabricating a structure
with a high aspect ratio on a real device, antireflec-
tive nanostructures are suboptimized to some speci-
fic region of wavelengths such as UV [26], visible
(VIS), or IR regions [4—6]. As part of an effort to mini-
mize the reflection at optical interfaces with a re-
stricted height of nanostructures, it has been
demonstrated that parabola-shaped nanostructures
show outstanding performance among diverse kinds
of structures due to their linear change of refractive
index from air to substrate material [20]. Even
though optimized AR structures are the most suita-
ble way, under the condition of restricted height, to
obtain broadband AR performance, it is imperative
for practical and large-area applications to develop
further simple and feasible methods to attain ade-
quate AR performance and to control the AR region
of wavelengths for various applications in the UV
to NIR wavelength region. For the purposes of sim-
plicity and practicality, recently disordered AR struc-
tures have been the subject of progressively growing
interest based on the idea of a self-assembled etch
mask [9-13]. Unlike periodic structures, disordered
structures are stochastically arranged, but they
show AR performance similar to that of periodic
structures [7].

Until now, the relation between the size of nanos-
tructures and their optical properties has simply
been reported as being one in which periodic nanos-
tructures have reduced optical reflectance at the op-
tical interface mostly in the UV, VIS, or IR region
[1,4-6] in accordance with their size. For implemen-
tation of antireflection in the UV and VIS bands, the
size of the structures should be less than 200 nm,
in order to avoid light scattering from the structures
[1,27]. Nevertheless, the size dependency of AR na-
nostructures on a specific substrate has not been stu-
died fully in the UV to NIR wavelength region. In
addition, aside from the dependency of the size on
the AR characteristic, it is difficult to distinguish
the effect of nanostructures from that of Fresnel re-
flection. Therefore, it is necessary to fabricate differ-
ent sizes of disorderly arranged nanostructures on a
glass substrate so as to understand how the light
that is passing through the nanostructured transpar-
ent materials is affected both by the changing of the
average size of the nanostructures and by the Fres-
nel reflection.

Herein, we experimentally corroborate how differ-
ent sizes of disordered nanostructures on glass sub-
strates exert influence on the optical property. To
fabricate different sizes of nanostructures for the
purpose of antireflection in different wavelength
ranges, thermally dewetted Ag nanoparticles with
diverse average sizes are used as etch mask to

control the average size of the nanostructures; the
fabricated samples are examined in terms of optical
transmittance, changing the incident angle of the en-
tering light. As for the transmittance characteristics
of each sample, the different sizes of nanostructures
have influenced the high transmittance region of the
wavelength, which is gradually moved from the VIS
to the NIR region with the increasing size. Further-
more, by normalizing the angle-dependent transmit-
tance, we obviously show that nanostructures on
glass substrates have caused an effect that is distinc-
tive and separate from that of Fresnel reflection
when nanostructures are comparable to, or larger
than, the incident wavelength.

2. Experiment

In this experiment, to fabricate disordered nanostruc-
tures on a glass substrate, borosilicate glasses (Schott
borofloate 33) with a 20 mm by 20 mm square shape
were used. First, the samples were cleaned with acet-
one, methanol, and deionized water using ultrasonic
agitation. Ag thin films with thicknesses of 10, 15, 20,
and 30 nm were deposited on the substrates at a
rate of 0.05 nm s, using an electron-beam evapo-
rator. In order to form the Ag nanoparticles using
the dewetting process [11,12], a rapid thermal anneal-
ing process was subsequently carried out at 500 °C
for 1 min in a nitrogen atmosphere. To fabricate na-
nostructured glasses (NSGs) with a tapered profile,
an overall dry etch process was carried out using
reactive ion etching (RIE, Plasmalab 80 Plus, Oxford
Instrument Co., UK) in a CF, O, (40 SCCM/10
SCCM; SCCM denotes cubic centimeters per minute
at standard temperature and pressure) gas mixture
at 100 W RF power. During the dry etch process, dif-
ferent thicknesses of Ag films were used as nanoscale
etching masks. To remove the residual Ag nanoparti-
cles, the samples were dipped into nitric acid (HNO3)
for 1 min. For dual-sided NSGs, the same fabrication
procedure was repeated on the other side of each
glass.

The morphology of the Ag nanoparticles and the
surface of the NSGs were analyzed with a field-emis-
sion scanning electron microscope (FE-SEM, S-4700,
Hitachi) with an operating voltage of 10 kV. The
transmittance spectra of the samples were measured
with a UV-VIS-NIR spectrophotometer (Cary 5000,
Varian, USA) in the wavelength range of 250 to
2500 nm.

3. Results and Discussion

To fabricate different sizes of disorderedly arranged
nanostructures on glass substrates, it is essential to
prepare different sizes of nanoscale etch masks. In
this study, Ag films were deposited with thicknesses
of 10, 15, 20, and 30 nm on a glass substrate. To form
Ag nanoparticles for the etch mask, the thermal an-
nealing process was carried out at 500 °C. Figure 1
shows the scanning electron microscope (SEM)
images of the Ag nanoparticles at 50 k magnification.
As can be seen in Fig. 1, the dissimilar morphologies
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in height. To investigate the optical properties, the
transmittance spectra of the NSGs were measured
at normal incidence, as shown in (i)—(iv) of Fig. 3(e).
While the average transmittance of the bare glass
was 92.7%, the single-sided NSG etched for 1 min
showed an increased average transmittance of
94.0% in a spectral range from 380 to 750 nm. The
samples etched for 4, 7, and 10 min exhibited better
optical performances of 95.3%, 95.2%, and 95.1% in
that range, respectively, due to their increased
height. When using a 10 nm thick Ag mask, the etch
duration of 4 min was optimum in the wavelength
region. However, when the etch duration increased
further, there was no more increase of the average
transmittance; rather, there was a decrease in the
average transmittance. This could be explained
with the effective medium theory (EMT), which de-
lineates the interaction between the incident light
and such a structured medium by means of a homo-
geneous medium with effective optical constants [6].
The further etched sidewall leads to a less optimized
graded effective refractive index profile of the nanos-
tructures in the VIS region.

Even though a single-sided NSG suppresses the
Fresnel reflection at the incident air—glass bound-
ary, to maximize the transmittance and obtain a
highly transparent glass, the transmitted light going
from the glass to the air should be considered. This
means that the reflectance at the glass—air optical
boundaries should also be suppressed [27]. There-
fore, on the other side of the NSG, we fabricated na-
nostructures with the same etching conditions and
with etch durations of 1, 4, 7, and 10 min. For pur-
poses of comparison between the single-sided NSGs
and the dual-sided NSGs, the transmittance spectra
of the NSGs with etch durations of 1 and 7 min are
shown in (I) and (II) of Fig. 3(e). The average trans-
mittance values of the dual-sided NSGs etched for 1
and 7 min was 95.2% and 97.9%, respectively, over
the spectral range. The transmittance spectra of
the dual-sided NSGs were improved about twofold
over those of the single-sided NSGs. Therefore,
dual-sided NSGs with sufficient height on the glass
substrate suppressed unwanted optical reflection
at the surfaces of the glass substrate, and hence
the transmission of incident light through the glass
substrate was enhanced.

To verify the alteration in the optical properties ac-
cording to the varying size of the nanostructures on
the glass substrates, we fabricated dual-sided NSGs
with etching times of 7 min using Ag films with thick-
nesses of 10, 15, 20, and 30 nm. At this point, the
etching duration was set at 7 min, because that dura-
tion showed the most discernible peak transmit-
tances among the measured transmittance spectra
of the samples fabricated by using different thick-
nesses of Ag films. Figures 4(a)—4(d) show SEM
images of the fabricated NSGs; the morphologies
of the NSGs are consistent with those of the Ag
nanoparticles shown in Fig. 1. To confirm the similar-
ity of the average period between the Ag masks and
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Fig. 4. (Color online) SEM images of the fabricated nanostruc-
tures etched for 7 min using (a) 10 nm thick, (b) 15 nm thick,
(c) 20 nm thick, and (d) 30 nm thick Ag films. (e) Measured trans-
mittance spectra of the corresponding samples at normal inci-
dence. The measured transmittance of bare glass is shown as a
reference.

the NSGs, we deduced the average period of the
NSGs from the SEM images, with an area of
12.8 mx 8.4 m, taken at 10 k magnification by
using the same commercial image processor and ana-
lysis function [10,12]. The estimated average periods
of the nearest structures using 10, 15, 20, and 30 nm
thick Ag films were 80, 172, 241, and 509 nm, respec-
tively. The average period between the two nearest
nanostructures on the NSGs was influenced by the
average period of the Ag nanoparticles, and the
NSGs with a smaller size possessed a shorter aver-
age period. Under the same conditions of etch dura-
tion, the heights of the nanostructures on each NSG
were found to differ from one another because the
etch rate was affected by the area fraction of the
Ag nanoparticles on the glass substrate; this is
called the loading effect [28]. To confirm the effect
of the different average periods on the optical proper-
ties, the samples were investigated by measuring
transmittance spectra in the wavelength range of
250-2500 nm at normal incidence. Figure 4(e) shows
the measured transmittance spectrum of each sam-
ple, and the transmittance spectrum of the bare glass
is also shown for comparison purposes. When the
light impinges on the grating structure with period

20 August 2012 / Vol. 51, No. 24 / APPLIED OPTICS 5893



, the angle of the reflected diffraction waves 6, ,, in
the mth order are given by the grating equation [29]

sin 6, 1

sin 6’L~,

where n is the refractive index of incident medium,
0; is the incident angle, and 1 is the incident wave-
length. According the grating equation, the incident
wavelengths should be much longer than the period
so as not to cause higher order diffraction [6,13], but
to transmit and reflect the light as if the light was
passing through a flat medium [6]. In addition, as
the period or the incident angle increases, the short-
est wavelength condition that does not generate
higher order diffraction will move to a longer wave-
length, and the decreased transmittance is due to the
increased reflectance caused by the higher order dif-
fracted waves, which are shorter than the period [13].
Figure 4(e) illustrates how the optical property is
changed with increasing average size of the nanos-
tructures. First of all, the wavelength of the peak
transmittance for each sample was moved toward
a longer wavelength. For the samples fabricated by
using 10, 15, 20, and 30 nm thick Ag films, the max-
imum transmittance of about 99% was obtained at
wavelengths of 726, 818, 1589, and 2003 nm, respec-
tively. In addition, the decreased transmittance re-
gions for the samples fabricated by using 15, 20,
and 30 nm thick Ag films, where the transmittance
of each sample dropped below that of the bare glass,
were formed [13,27] below 390, 600, and 990 nm ex-
cept for the NSG fabricated by using 10 nm thick Ag
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Fig. 5.
thick, and (d) 20 nm thick Ag films.
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film. Even though the qualitative analysis of the
grating equation explains the tendency of size depen-
dency and is well matched to the trend of the mea-
sured results, it, by itself, cannot explain the
degradation of transmittance over the peak trans-
mittance or predict the region of improved transmit-
tance. The gradual degradation of the transmittance
in the wavelength region over the peak transmit-
tance could be attributed to the relatively shorter
height of the nanostructures compared to the inci-
dent wavelength. Even though in the wavelength re-
gion over the wavelength of the peak transmittance,
the average period is much shorter that the incident
wavelengths, the height of the nanostructures was
not enough to obtain a gradual change in the effec-
tive refractive index from the top of the nanostruc-
ture to the bottom of it. The effective refractive
index of the nanostructures was rather abruptly
changed and showed a less optimized AR perfor-
mance in the longer wavelength region [13,25].
Therefore, the highly transparent regions of wave-
lengths are determined by the average period of
the two nearest nanostructures and the adequate
height of the NSGs, which are controlled by the aver-
age size of the Ag nanoparticles and the etch dura-
tion, respectively.

To demonstrate the effect of nanostructures with
different sizes on the incident angle, the angle-
dependent transmittance was measured from 20°
to 50° in steps of 10°; then, the transmittances were
divided by the transmittance measured at normal
incidence. Figure 5 shows the normalized angle-
dependent transmittance spectra for the dual-sided
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(Color online) Normalized angle-dependent transmittance spectra of (a) bare glass and NSGs using (b) 10 nm thick, (c) 15 nm



NSGs. For comparison, the transmittance spectra of
the bare glass are also shown in Fig. 5(a). The bare
glass showed a decreased transmittance of 0.97 at
400 nm for an incidence angle of 50° because of
the Fresnel reflection. Figures 5(b)-5(d), however,
show a quite different tendency due to not only the
Fresnel reflection but also the different sizes of the
nanostructures. As the size and the incident angle
gradually increased, the normalized transmittance
of the NSGs in the UV region decreased more rapidly
compared to that of bare glass, and the IR region was
also finally affected. The normalized transmittances
of the NSGs with 10, 15, and 20 nm thick Ag films
were 0.96, 0.84, and 0.57, respectively, at 400 nm
for an incidence angle of 50°. The only NSG with
10 nm thick Ag film worked as bare glass, one that
has no nanostructure, in the VIS region of wave-
lengths. Nevertheless, the tendency of the transmit-
tance spectra for the other samples became similar to
that of bare glass in the region of relatively longer
wavelengths even at the incidence angle of 50°.
Therefore, considering the oblique angle of the inci-
dent light in a certain wavelength region, the aver-
age period of the nanostructures should be further
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Fig. 6. (Color online) Photographs of (i) bare glass and dual-sided
NSGs fabricated using (i1) 10 nm thick, (iii) 15 nm thick, (iv) 20 nm
thick, and (v) 30 nm thick Ag films for an etch duration of 7 min in
(a) the VIS region and (b) the IR region. (¢) Measured transmit-
tance spectra of samples (ii) and (v) in the VIS region at normal
incidence and photograph images of the corresponding samples.

reduced in order to prevent generating higher order
diffracted waves.

To compare the AR characteristic of the samples in
the VIS and NIR regions, photograph images were
taken with a normal camera and with an IR camera,
respectively, under a fluorescent lamp. In the VIS re-
gion, as illustrated in Fig. 6(a), an intense light re-
flection from the bare glass is observed, and hence
the reflections occurring at both sides of the bare
glass make the words difficult to read. The NSGs
with 10 and 15 nm thick Ag films, however, showed
improved readability due to reduced reflection, but
the NSG with 30 nm thick Ag film was slightly
opaque, as can be seen in Fig. 6(c). In the NIR region,
the sample with the 10 nm thick Ag film showed a
slight light reflection, which did not occur in the
VIS region, but the other NSGs were transparent
[Fig. 6(b)]. Although the NSG fabricated with the
30 nm thick Ag film is appropriate for the NIR spec-
tral region, the average size of the nanostructures is
comparable to the wavelength of visible light, and so
the scattered light makes the image opaque in the
VIS region [1].

4. Conclusions

In conclusion, we have demonstrated the variation of
optical behavior with the varying sizes of nanostruc-
tures on glass substrates. As the size of the nanos-
tructures increased, the wavelength of the peak
transmittance was redshifted. From the normalized
angle-dependent transmittance spectra, it was pos-
sible to distinguish different effects between the
Fresnel reflection and the different sizes of the fab-
ricated nanostructures when the size of the nanos-
tructures became larger than that of the incident
light. This clearly indicates that the light transmis-
sion was affected by not only the Fresnel reflection
but also the relative size of the nanostructures.
These NSGs are promising, because it is easily pos-
sible to control the size of the nanostructures in order
to optimize the optical properties; this process can
be used to enhance the performance of glass-based
optical and optoelectronic devices.
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