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Abstract Nanoporous anodic alumina (NPAA) films are
fabricated on silicon (Si) surfaces by the anodization of
aluminum (Al). Effect of the thickness of initial Al films on
the antireflective characteristics of NPAA films consisting
of random pore structures is investigated in the wavelength
range of 300-1,100 nm at incident light angles (6;,.) of
3°-70°, together with theoretical analysis using a rigorous
coupled-wave analysis method. The reflectance strongly
depends on the thickness and porosity of NPAA films,
resulting from anodization parameters such as applied volt-
age, anodization time, and pore widening time. For the
obtained NPAA film at the initial Al thickness of 100 nm
and the applied voltage of 30 V, the surface reflectance is
reduced over a wide wavelength region of 300-1,100 nm
at normal incidence of ~3°, exhibiting the relatively lower
average reflectance (R,,,) of ~19 % (i.e., Ry, ~ 39 % for
the bare Si substrate). The lower angle-dependent reflective
properties are observed compared to the bare Si substrate at
Binc = 20°=70° for unpolarized light. The calculated reflec-
tance results of NPAA films show similar trends to the

measured data.

1 Introduction

Many semiconductor researchers have used silicon (Si)
as a main material for the fabrication of various optical
and optoelectronic devices including photovoltaic cells,
image sensors, and photo detectors because it is of great
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technological interest in most of the above applications
[1-6]. In these applications, it is very crucial to enhance
the light extraction or absorption efficiency of the devices.
However, a flat Si surface has high inherent reflectivity of
>30 % due to its high refractive index (ng; > 3.4) at visible
and near-infrared (NIR) wavelengths, which can degrade
the device performance due to the optical losses caused
by the Fresnel surface reflection. For high-performance
Si-based optoelectronic devices, therefore, efficient antire-
flection coatings (ARCs) which can suppress the unwanted
surface reflection losses are required.

Recently, using an oblique angle deposition (OAD)
method, ARCs consisting of nanoporous materials with
inclined columnar structured films have been reported [7—
9]. The nanoporous films with specified refractive indices
can be realized by adjusting the incident vapor flux angle
in the OAD process [10, 11]. But this technique needs
precise control over the process conditions, which causes
some problems in practical applications. As an alternative
to the OAD method, a self-assembled nanoporous anodic
alumina (NPAA) template, which is prepared by a sim-
ple, fast, and cost-effective electrochemical oxidation pro-
cess of aluminum (Al) films in a particular acidic electro-
lyte solution, can be employed as an optical thin film. The
NPAA template is an aluminum oxide (Al,O5) film with
self-organized random arrays of uniform parallel nanopo-
res. It has been widely used as a template for fabricating
various functional nanostructures [12—15]. The Al,O; film
has been also utilized as a passivation layer to suppress
the degradation of electrical properties in Si-based opto-
electronic devices due to its relatively good mechanical/
chemical stability [16—18]. However, NPAA films as an
ARC on the Si are rarely reported. In addition, because
the NPAA films have no absorption in the visible and NIR
wavelength regions, it is very suitable for Si-based optical
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Fig. 1 Schematic of the fab-
rication process for the NPAA
films on Si substrates using the
electrochemical anodization of
Al films
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and optoelectronic devices. The reflection of NPAA films
is strongly dependent on their film thickness and porosity
(i.e., pore diameter, period, etc.). Furthermore, the hydro-
philic property of ARCs can lead to the removal of dust
particles and surface contaminants, i.e., self-cleaning [19,
20]. Thus, it is very meaningful to study the surface reflec-
tion and wetting behavior of the NPAA films on the Si sur-
face. In this work, we investigated the structural and optical
properties of the NPAA films, synthesized by the anodi-
zation of Al films, on Si substrates. The angle-dependent
reflectance characteristics were also explored. For the fab-
ricated samples, the optical reflection properties were theo-
retically explored using the rigorous coupled-wave analysis
(RCWA) simulation.

2 Experimental and simulation modeling details

Figure 1 shows the schematic of the fabrication process for
the NPAA films on Si substrates using the anodization of Al
films. The Al films with different film thicknesses of 100,
200, 300, and 500 nm were deposited on the Si substrates
with a size of 2.5 x 2.5 cm? by using an electron beam
evaporation system at room temperature. Before loading,
the Si substrates were ultrasonically cleaned in acetone,
methanol, and deionized (DI) water. Then, the samples
were dried in flowing nitrogen (N,) gas. Prior to the anodi-
zation, the side edges of squared samples were covered by
the polydimethylsiloxane (Sylgard 184, Dow Corning Co.)
and subsequently dried at 75 °C for 1 h. This is useful to
avoid the uneven distribution of electric field at the edges
of samples and to prevent the pilling of Al at the interface
between the Al and Si substrate [21]. To obtain the opti-
mized NPAA films with efficient antireflection, the ano-
dization of Al films on Si substrates was performed under
a constant stirring speed of 200 rpm in 5 wt% phosphoric
acid solution at room temperature by varying the process
parameters such as anodization time, applied voltage, and
pore widening time. These process parameters affect the
porosity, which is related to the pore diameter, period, and
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barrier layer thickness of NPAA films, within the anodized
Al films, which results in the change of reflectance proper-
ties. After the anodization process, the samples were rinsed
with acetone, methanol, and DI water and subsequently
were dried with N, gas. The additional pore widening was
carried out by dipping the anodized samples into 5 wt%
phosphoric acid solution at 30 °C.

Field-emission scanning electron microscope (FE-SEM,;
LEO SUPRA 55, Carl Zeiss) and atomic force microscope
(AFM; D3100, Veeco) measurements were carried out to
investigate surface morphologies and cross-sectional fea-
tures of the fabricated samples. The reflectance property of
samples was evaluated by using a UV-Vis—NIR spectro-
photometer (Cary 5000, Varian) with an integrating sphere
at near-normal incidence of ~3°. Spectroscopic ellipsometry
(V-VASE, J. A. Woollam Co. Inc.) was used to measure the
angle-dependent reflectance at incident angles of 20°-70°
for unpolarized light. The contact angles of water droplets
on the surfaces of samples were taken by using a contact
angle measurement system (Phoenix-300, SEO Co., Ltd.).
The measured contact angle values at different positions
were averaged as a single value. For theoretical optical anal-
ysis of the samples, the RCWA calculations were performed
using a commercial software (DiffractMOD 3.1, Rsoft
Design Group). To design the theoretical models, the NPAA
films with pore structures on Si substrates were roughly rep-
resented by cylindrical pore pattern arrays with a periodic
four-fold rectangular symmetry, for simplicity. For the mod-
eling of the NPAA films, further details can be referred in
our previous works [22, 23]. We assumed that the incident
light enters from air to the structure at incident angles of
0°-70°, and the thickness of Si substrate is set to 500 pwm.
The refractive indices of Si and Al,O5 used in this calcula-
tion were referred from SOPRA N&K Database [24].

3 Results and discussion

Figure 2 shows (a) the top-view and cross-sectional SEM
images and (b) the measured reflectance spectra of the
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Fig. 2 a Top-view and cross- (a) :
sectional SEM images and b
measured reflectance spectra of
the NPAA films on Si substrates
for the initial Al film thickness
of 200 nm at 30 V
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NPAA films on Si substrates for the initial Al film thickness
of 200 nm at an applied voltage of 30 V. As the anodization
time increased, the nucleated pores started to grow up and
the NPAA layer thickness increased, as shown in Fig. 2a.
If the anodization time is short, a little amount of Al gets
anodized (or is consumed) to form an NPAA film. As the
anodization time increased to 60, 140, and 260 s, most of
the Al was consumed to produce the NPAA film, indicating
the thicknesses of ~115, 180, and 260 nm, respectively. The
pore area with an average distance of ~100 nm between
adjacent pores in the NPAA film was also observed in the
SEM images of Fig. 2a. The NPAA films were formed by
the anodization of Al at certain electrolyte conditions, and
most of the researches mentioned the formation of NPAA
follows the preferential growth mechanism [25]. During
the anodization initially within few seconds, a thin and
dense alumina layer was formed on the Al surface. As the
anodization time further increased, small pits started to be
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1000 1100
Wavelength (nm)

formed on alumina surface. These pits are used as nuclei
to form the pores on alumina surface and further grow
throughout the aluminum. On the contrary, at the anodiza-
tion time of 310 s, the 200-nm-thick Al layer was nearly
consumed and changed into the NPAA film, exhibiting
a thickness of ~285 nm and an average pore diameter of
~55 nm. For the anodized NPAA films, the increase of film
thickness was observed due to the volume expansion factor
difference between aluminum and alumina [26]. Due to the
pore generation in alumina, the volume expansion differ-
ences may occur. The volume expansion factor of porous
alumina films as well as the pore cell dimensions strongly
depends on the electric field strength [27, 28]. When the
electric field is applied to anodize the Al, the greater elec-
tric field strength (or current density) is located across the
oxide/Al interface, whereas its lower amount was induced
across the electrolyte solution/oxide interface, compared to
the average applied electric field strength across the anode.
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Fig. 3 a Top-view and cross-sectional SEM images of the NPAA
films on Si substrates with different initial Al thicknesses of 100,
300, and 500 nm at 30 V, b measured reflectance spectra of the cor-
responding samples, and ¢ contour plots of variation of the calcu-

The lower current density leads to the formation of pores
by the dissolution of Al ions, while, at the higher current
density, the alumina film is formed through the Al/oxide
interface. Thus, the formation of pores may be enhanced by
the increase in the formation efficiency of alumina films,
which causes the volume expansion of alumina. For com-
parison, the reflectance spectrum of bare Si substrate is also
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lated reflectance spectra as functions of thickness of NPAA film and
wavelength. The 3D scale-modified simulation model with a periodic
fourfold rectangular symmetry pore array used in these calculations is
also shown in (¢)

shown in Fig. 2b. In the reflection properties of Fig. 2b,
for the non-completely anodized samples with anodization
times of 60, 140, and 260 s, the reflectance spectra were
higher than that of the bare Si substrate due to the remained
Al films, as can be seen in Fig. 2a. On the other hand, the
NPAA films with the anodization time of 310 s showed a
lower reflectivity compared with the bare Si substrate over



Broadband and wide-angle antireflective

443

Fig. 4 a Top-view and cross- (a) 80y
sectional SEM images and b §
measured reflectance spectra of
the NPAA films on Si substrates
at different applied voltages of
10, 20, 30, 50, and 70 V for the
100-nm-thick initial Al film
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a wide wavelength range of 300-1,100 nm, indicating an
average reflectance (R,,,) value of ~23 % (i.e., Ry, ~ 39 %
for the bare Si substrate). This is attributed to the nanopo-
rous structured alumina film with a lower refractive index
than that of Si, which creates a gradient effective refractive
index profile between air and the Si via the NPAA film.
Figure 3a shows the top-view and cross-sectional SEM
images of the NPAA films on Si substrates with differ-
ent initial Al thicknesses of 100, 300, and 500 nm at 30 V.
As shown in Fig. 3a, all the Al films with different thick-
nesses of 100, 300, and 500 nm were completely con-
verted to the NPAA films with thicknesses of ~140 + 5,
370 £ 9, and 570 £ 15 nm and average pore diameter
sizes of ~55 £ 5 nm, respectively. It can be also observed
that the barrier alumina layer with a thickness of about
25 £ 10 nm remained. The measured reflectance spectra of
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1000 1100
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the corresponding samples and the contour plots of variation
of the calculated reflectance spectra as functions of thick-
ness of NPAA film and wavelength are shown in Fig. 3b,
¢, respectively. The reflectance spectra depend on the thick-
ness of NPAA films. By increasing the thickness of initial
Al films from 100 to 500 nm, the maxima and the num-
ber of interference oscillations in the reflectance spectrum
were decreased and increased, respectively. The R,,, value
of NPAA films was increased from ~19 % for the 100-nm-
thick initial Al film to ~26 % for the 500 nm film, exhib-
iting the minimum R value of ~7.6 % at wavelengths of
695-725 nm for the NPAA film at the 100-nm-thick initial
Al film. To study the influence of the thickness on the reflec-
tance of NPAA film, the RCWA simulation was performed.
The three-dimensional (3D) scale-modified simulation
model with a periodic fourfold rectangular symmetry pore
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Fig.5 a Top-view and cross-sectional SEM images, b measured
reflectance spectra of the NPAA films with 100-nm-thick initial Al
films on Si substrates for different additional pore widening times

array used in these calculations is also shown in Fig. 3c. We
assumed that the pore diameter, period, and barrier alumina
layer thickness of NPAA film were set to be 50, 100, and
25 nm, respectively. As shown in Fig. 3c, as the thickness of
NPAA film is increased, the number of interference oscilla-
tions in the reflectance spectrum is also increased. Although
there are discrepancies at some wavelengths between the
measured and calculated results owing to the geometrical
difference in the simulation model and the fabricated struc-
ture as well as the refractive index mismatch of the mate-
rials used in this experiment and calculation, they roughly
give a similar tendency in a wide range of wavelengths.
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of 0, 5, 10, and 15 min at 30 V, and ¢ contour plot of variations of
the calculated reflectance spectra of NPAA film as functions of pore
diameter to period ratio (Rpp) and wavelength

Figure 4 shows (a) the top-view and cross-sectional
SEM images and (b) the measured reflectance spectra of
the NPAA films on Si substrates at different applied volt-
ages of 10, 20, 30, 50, and 70 V for the 100-nm-thick initial
Al film. As the applied voltage was increased, the current
density was also increased along the oxide/Al and elec-
trolyte/oxide interfaces. This means that the electric field
strength is enhanced across the electrodes. The progressive
increment of the electric field (or current density) results
in the higher growth and dissolution rate of oxide across
the oxide/Al and electrolyte/oxide interface, respectively
[29]. Similarly, the pore diameter, period, and barrier layer
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thickness also were varied by the intensity of applied volt-
age [29, 30]. As can be seen in the SEM images of Fig. 4a,
the pore diameter, pore separation, and the pore wall thick-
ness become larger by increasing the applied voltage.
Moreover, the thickness of barrier layer of dense alumina
without any pores was increased when the applied voltage
became higher. This indicates that the growth of alumina
is more dominant than the dissolution of alumina at higher
applied voltages. Thus, the change of barrier layer thick-
ness as a function of applied voltage influences the optical
properties of NPAA films due to the difference of refractive
indices between the dense and porous alumina layers. The
average pore diameters and periods of NPAA films were
varied from ~35 and 48 nm at 10 V to ~72 and 105 nm at
70V, exhibiting the change of thickness in barrier alumina
layers from ~16 nm at 10 V to ~48 nm at 70 V. From the
reflectance spectra in Fig. 4b, it can be confirmed that the
R, value was reduced from 25 % at 10 V to 19 % at 30 V
and increased to 22 % at 70 V. This is ascribed to the vari-
ation of porosity of NPAA films as well as the barrier alu-
mina dense layer, as mentioned above.

The effect of porosity by varying the additional pore
widening process on the structural and optical properties
of NPAA films was also studied. Figure 5 shows the (a)
top-view and cross-sectional SEM images, (b) measured
reflectance spectra of the NPAA films with 100-nm-thick
initial Al films on Si substrates for different additional
pore widening times of 0, 5, 10, and 15 min at applied
voltage of 30 V, and (c) contour plot of variations of the
calculated reflectance spectra of NPAA film as functions
of pore diameter to period ratio (Rpp) and wavelength.
The size of pore diameter can be controlled by adjusting
the dipping duration in acidic solution. For the NPAA film
with an average pore diameter of ~55 nm, an additional
pore widening process was performed by varying the pore
widening time to 5, 10, and 15 min. The average pore
diameter was gradually increased from ~65.5 nm at 5 min
to ~81.5 nm at 15 min. From the cross-sectional SEM
images of the samples, it is clear that the dissolution rate
of alumina at the surface of pores is faster when compared
to the deeper side of pores. As the pore widening time was
increased, the pore diameter increased while simultane-
ously both the thicknesses of pore wall and barrier layer
were decreased. Therefore, at the longer pore widening
time of 15 min, the pore size became greater and the bar-
rier alumina layer was completely dissolved, and thus,
the Si surface was exposed at the bottom of pores. As
shown in Fig. 5b, the reflectance was gradually increased
and low reflectance region shifted toward the short wave-
length range by increasing the pore widening time from 5
to 15 min, exhibiting the increase of R,,, value from 19 %
at 0 min to 35 % at 15 min. This is due to the decrease
of effective refractive index of NPAA film due to the
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Fig. 6 Measured reflection spectra of the a bare Si substrate and b
NPAA film/Si substrate at 30 V for the 100-nm-thick initial Al film
without additional pore widening process and ¢ contour plots of vari-
ation of the calculated reflectance spectra of the corresponding struc-
tures at different incident angles (6;,.) of 20°-70° for unpolarized
light
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Fig.7 a5 x 5 wum? AFM scan images of the NPAA film on the Si
substrate at 30 V for the 100-nm-thick initial Al film without any pore
widening treatment and b photographic images of the bare Si sub-

increase of porosity within the alumina layer with pore
structures caused by the collapsed pores at side walls and
reduced barrier alumina layer. For solar cell applications,
it is necessary to investigate the solar-weighted reflec-
tance (Rgwr) Which is defined by the ratio of the usable
photons reflected to the total useable photons. The Rqwgr
can be estimated by normalizing the reflectance and the
terrestrial AM1.5G spectra integrated over a wavelength
range of 300-1,100 nm [31, 32]. For the NPAA film with-
out an additional pore widening process, the lower Rqwr
value of ~16 % was obtained compared with the bare Si
substrate (i.e., Rgwr ~ 38 %). The influence of porosity
of NPAA films was investigated on their reflectance by
varying the Rpp. In the RCWA calculations of Fig. 5Sc,
similarly, the reflectance spectra of NPAA films on the Si
substrate were slightly increased and low reflectance band
shifted toward the short wavelength region, indicating a
similar trend with the measured data in Fig. 5b.

Figure 6 shows the measured reflectance spectra of
the (a) bare Si substrate and (b) NPAA film/Si substrate
at 30 V for the 100-nm-thick initial Al film without addi-
tional pore widening process, and (c) the contour plots of
variation of the calculated reflectance spectra of the cor-
responding structures at different incident angles (6,,.) of

1nc

20°-70° for unpolarized light. As shown in Fig. 6a, for the
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bare Si substrate, all the reflectance spectra were higher
than ~30 % at 6,,, = 20°-70°. On the other hand, the
NPAA film significantly reduced the reflectance in wide
ranges of wavelength and incident angles compared with
the bare Si substrate. Its R,,, value is slightly increased
from ~16 % at 6,,, = 20° to ~31 % at 6,,, = 70°, exhibiting
the R,,, value of ~22 % over in the 6;,, range of 20°-70°
(i.e., Ry ~40 % for the bare Si substrate). At wavelengths
of 300-1,100 nm and incident angles of 20°-70°, the
NPAA film/Si substrate exhibited a much lower average
Rgywr value of ~18 % than that (i.e., average Rqyyr ~ 38 %)
of the bare Si substrate. In Fig. 6¢c, the theoretically calcu-
lated reflectance spectra also agree well with the measured
data in Fig. 6a, b.

Figure 7 shows (a) the 5 x 5 pwm? AFM scan images of
the NPAA film on the Si substrate at 30 V for the 100-nm-
thick initial Al film without any pore widening treatment
and (b) the photographic images of the bare Si substrate
and fabricated NPAA film/Si substrate and the water drop-
lets on the surface of the corresponding samples. From
the AFM images in Fig. 7a, the pores with a random array
were well formed in the alumina film, exhibiting the aver-
age distance of ~100 = 10 nm between the adjacent pores
and the average pore height of ~110 & 20 nm. As can be
seen in Fig. 7b, the surface of the NPAA film/Si substrate
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clearly appeared to be dark blue because of its low reflec-
tance property in the visible wavelength range in compar-
ison with the bare Si substrate. To investigate the surface
macroscopic property on the wetting behavior of the NPAA
film with the lowest reflectivity, the water contact angle
was estimated. Both the samples exhibited a hydrophilic
surface. However, the surface of the NPAA film revealed
a lower water contact angle (6-,) of ~32° than that (i.e.,
Oca ~ 70°) of the bare Si substrate. Therefore, the hydro-
philic surface of NPAA films with lower 6, values, which
can spread the liquid on nanoporous structures, can be used
for the potential applications in printing, coating, and self-
cleaning [19, 33].

4 Conclusion

The NPAA films with random pore structures were suc-
cessfully fabricated on Si substrates by the electrochem-
ical anodization of Al. The influence of the porosity
and thickness of NPAA films/Si substrates was experi-
mentally and theoretically investigated on the structural
and optical reflectance properties as well as the surface
wetting behavior by varying anodization parameters
such as anodization time, initial Al thickness, applied
voltage, and pore widening time. The optimized NPAA
film/Si substrate was obtained for the anodizing condi-
tion at 30 V for 100-nm-thick initial Al film. The sample
exhibited a hydrophilic surface with 6., value of ~32°
and R,,, value of ~19 % at wavelengths 300-1,100 nm.
These values are much lower than those (6-, ~ 70°
and R,,, of ~39 %) of the bare Si substrate. For angle-
dependent reflectance characteristics, it also showed
the lower reflectance spectra at 6;,, values of 20°-70°.
The calculated reflectance results by RCWA simula-
tions reasonably indicate a similar behavior with the
measured data. Thus, these results can give a promising
potential of NPAA films with relatively good mechani-
cal/chemical and long-term stabilities for broadband and
omnidirectional antireflection properties as well as the
self-cleaning function in Si-based optoelectronic device

applications.
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