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Biomimetic nano/micro double-textured silicon
with outstanding antireflective and super-
hydrophilic surfaces for high optical performance

Jung Woo Leem, (&) Bhaskar Dudem and Jae Su Yu™*

We report the fabrication of nano/micro double-textured silicon (NMDT-Si) and its structural, optical, and
surface wetting properties. The micro-pyramidal textured (MPTs) are formed on the Si surface by a simple
potassium hydroxide-based wet etching process. On the other hand, for pillar-arrayed nano-textures (NTs),
the thermally-dewetted gold (Au) nanoparticles are employed on the surface of the MPT-Si as an etch mask
and the inductively coupled plasma etching is followed. The optical reflectance of the NMDT-Si is strongly
dependent on the period and height of NTs on the surface of the MPT-Si, which can be controlled by the Au
film thickness and etching time, respectively. Compared with the planar nano-textured Si, the NMDT-Si
shows superior antireflection (or higher light absorption) and light-scattered propagation behaviors,
which are verified from a finite-difference time-domain simulation, over wide ranges of wavelengths
(350-1100 nm) and incident angles (0—70°), resulting in the average reflectance of ~2.1% and the solar
weighted absorption of ~98.5% at normal incidence, respectively. In addition, it has a super-hydrophilic
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Introduction

Light management such as light scattering, antireflection, and
light trapping has been widely researched for high performance
of silicon (Si)-based optical and optoelectronic devices including
solar cells, photodetectors, and image sensors.* For high optical
performance, the surface modification of Si with high refractive
indices of >3.5 at visible and near-infrared wavelengths is
essential to suppress the high natural reflectivity (>30%) with
strong spectral dependence for its planar surface. Generally, thin-
film stacked antireflection coatings (ARCs) with a quarter-
wavelength optical thickness and surface texturing technologies
are widely used in industrial production of Si-based optical and
optoelectronic devices. However, although the thin-film stacked
ARC can reduce the surface reflection below 3-5%, it works only
in narrow spectral bandwidth and limited incident angle,
including additional drawbacks of stress caused by thermal
expansion mismatch, adhesion to substrate, and material selec-
tion.> On the other hand, texturing easily forms micro-scale
pyramidal arrays on the Si surface using an acid or alkaline
(H2S0,, HNO3:H,0, NaOH, KOH, etc.) wet etching process,** but
their average reflectivity is kept above 10% though the micro-
textures can lead to the strong light scattering, which is insuffi-
cient for high-efficiency Si-based optical and optoelectronic
devices, especially, solar cells.” As one of effective approaches,
hierarchical double-scale architectures (i.e., nano- and micro-
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surface with water contact angles of <5°.

structures), like ‘moth eye’, create superior antireflection in
wide ranges of wavelengths and incident angles as well as self-
cleaning ability.*® However, the reflection of nano/micro
double-textured surfaces is mainly dependent on the shape,
period, and height of nano-structures.® Thus, it is necessary to
optimize the period and size of nano-patterns and the etching
conditions for efficient antireflection. The nano-structures on
micro-pyramidal arrays have been realized using a variety of
nano-texturing techniques, such as cesium chloride (CsCl) self-
assembly lithography (i.e., nano-islands), metal (e.g, silver,
gold, nickel, etc.)-assisted chemical etching (catalyst nano-
particles), mask-free plasma (SF¢/O,) surface processing, and
nano-porous aluminum etch mask.** Recently, a thermal-
dewetting process of metal films as cost-effective and facile
lithography has been widely employed to form the nano-patterns
(ie., metallic nano-sized cluster or particles) as a dry-etch
mask."" In this nano-patterning, the period and size of
metallic nano-patterns are determined by the thickness of metal
films.**"

Meanwhile, the surface wettability is also important in
outdoor applications since a super-hydrophobic or super-
hydrophilic structure can remove dust particles or any
contaminants on its surface by water droplets (ie., self-
cleaning), which can maintain the device efficiency by pre-
venting the degradation of optical performance.** The super-
hydrophobic or super-hydrophilic surface can be obtained by
introducing the high roughness into the planar surface.'>**

In this work, we fabricated the nano/micro-structured Si using
double-texturing processes. To form the micro-pyramidal
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textures (MPTs) on the Si surface, the chemical wet etching was
carried out using a mixture solution of potassium hydroxide
(KOH) and isopropyl alcohol (IPA), forming micro-scale pyra-
midal arrays, because of its good control and reproducibility. The
nano-textures (NTs) were fabricated by the Au film thermal-
dewetting and dry etching processes, subsequently. For
comparison, the nano-texturization was also treated on the
planar Si surface from the same nano-texturing fabrication
process. For all the samples, the structural and optical properties
were systematically studied by adjusting the Au film thickness
and etching time. Angle-dependent reflectance characteristics
were explored under s-, p-, and un-polarized lights. To theoreti-
cally analyze the optical light-scattering propagation inside Si, we
conducted finite-difference time-domain (FDTD) simulations.
Moreover, the surface wettability was also investigated.

Experimental and simulation modeling
details
Fabrication of the NMDT-Si

Fig. 1 shows the schematic illustration of process steps for the
fabrication of double-textured Si consisting of nano-structures
on micro-pyramidal arrays (NMDT-Si) using a combination of
wet and dry etching processes. The scanning electron micro-
scope (SEM) image of the micro-pyramidal textured Si (MPT-Si)
is also shown in Fig. 1. In this experiment, single-side polished
Si substrates with a square area of 2 x 2 cm?® were cleaned with
acetone, methanol, and de-ionized water for 10 min, subse-
quently. And then, we further performed a plasma (ozone)
cleaning process to remove the impurities and contaminants on
the Si surface for 10 min. To fabricate the MPT-Si, we simply
soaked the Si substrates in a mixed solution of KOH : IPA (10 : 3
vol%) at a temperature of 75 °C for 40 min, followed by dipping
the samples into a HCI : H,O, : H,O (1 : 1 : 5) mixed solution at
80 °C for 10 min for removal of the remaining potassium
impurities on the surface of wet-etched samples. As shown in
the SEM image of Fig. 1, the randomly-distributed micro-
pyramidal arrays are well formed on the Si surface, indicating
the height and (bottom) size in ranges of ~5.5 + 3 and ~5 + 3
pm (mean =+ standard deviation), respectively. For the forma-
tion of NTs with pillar arrays, we deposited Au films with
different thicknesses of 5, 7, and 9 nm on the surface of MPT-Si
via a thermal evaporator, respectively. During the deposition,
the thickness of Au films was controlled with material-related
calibration by using a quartz crystal thickness monitoring."”
And then, the samples were thermally treated to form dot-like
Au nanoparticles (Au-NPs) at temperatures of 500, 600, and
700 °C for 2 min in a rapid thermal annealing system, respec-
tively. Using the Au-NPs as an etch mask, the double-textured Si
(i.e., NMDT-Si) with a combination of nano-pillars and micro-
pyramidal arrays was fabricated by an inductively coupled
plasma (ICP) etching process at radio frequency (RF) power of
50 W and additional ICP power of 200 W under a process
pressure of 5 mTorr in CF, : Ar (20 : 50 sccm) plasma. After the
ICP etching, the remaining Au-NPs were removed using an Au
etchant solution mixed by potassium iodide and iodine (KI/I,).
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Fig. 1 Schematic illustration of process steps for the fabrication of
double-textured Si consisting of NMDT-Si using a combination of wet
and dry etching processes. SEM image of the MPT-Si is also shown. In
this experiment, the KOH/IPA-mixed solution for the MPT-Si and the
thermally-dewetted Au-NPs/ICP etching for the nano-textured Si
(NT-Si) are used, respectively.

Characterization

The etched profiles and surface morphologies of samples were
observed from a SEM (LEO SUPRA 55, Carl Zeiss). The optical
total (specular + diffuse) reflectance was measured by using
a UV-vis-NIR spectrophotometer (Cary 5000, Varian) with an
integrating sphere at near normal incidence. Spectroscopic
ellipsometry (V-VASE, J. A. Woollam Co. Inc.) was used to
examine the angle-dependent specular reflectance at incident
angles (6;,) of 20-70° for s-, p-, and un-polarized lights. The
surface wetting behaviors were characterized by measuring
contact angles at five different positions on the surface of
samples via a contact angle measurement system (Phoenix-300,
SEO Co., Ltd.) and the values were averaged.

Simulation modeling

To design the numerical models, the nano-pillars and micro-
pyramids on the Si surface were roughly represented by a peri-
odic geometry in the Cartesian coordinate system by a scalar-
valued function of two variables, f(x,z), for simplicity. The
light, which is normalized at a wavelength (1) of 530 nm for un-

This journal is © The Royal Society of Chemistry 2017
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polarization, entered from air into the textured Si surface at
normal incidence. The amplitude of y-polarized electric field
(i.e., E,) was calculated for the incident plane wave with a slab
mode beam profile under a perfectly-matched-layer boundary
condition at a grid size of 5 nm. The height and period of
models were kept at 300 and 100 nm for nano-pillars and 5.5
and 5 um for micro-pyramids, respectively. The optical param-
eters (i.e., refractive index and extinction coefficient) of the Si
used in these calculations were acquired from the refractive
index Web site.'®

Results and discussion
Thermally-dewetted Au-NPs on the MPT-Si

Fig. 2 shows (a-c) the SEM images of the thermally-dewetted Au-
NPs on the surface of MPT-Si for different thicknesses (5, 7, and
9 nm) of Au films and (d) the estimated average period, size, and
density of Au-NPs for the corresponding Au films. As shown in
the SEM images of Fig. 2(a—c), the dot-like Au-NPs are uniformly
formed on the MPT-Si surface by the thermal-dewetting process.
During the dewetting process, the Au films with very thin
thicknesses are agglomerated into the nano-sized clusters or
particles due to the concurrent effects of surface diffusion,
surface energy minimization, coalescence, and Ostwald's
ripening.” In Fig. 2(d), distributions of the Au-NPs are consid-
erably changed as the thickness of Au film is increased, indi-
cating average densities of ~60, 52, and 44% for 5, 7, and 9 nm,
respectively, which are characterized using a public domain
image processing program (ImageJ 1.42q, NIH). On the other
hand, the correlation distance (i.e., period) between the adja-
cent Au-NPs and their size are roughly estimated to be ~50 £ 15,
90 + 45, and 200 &+ 50 nm and ~30 =+ 10, 50 &+ 15, and 90 +
40 nm for 5, 7, and 9 nm from the corresponding SEM images of

(5 nm-thick'Au thin film)

AU-NPs on MPT-Si
’» (9, nm-thick"Au thin film)

Fig. 2
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Fig. 2(a-c), respectively. Here, we measured the period and size
of Au-NPs at least 15 different positions on the SEM image and
calculated the mean (i.e.,, p = > x/n) and standard deviation
(i.e., 0 = [>(x — w)*/n]"?) values (rounded off) for each Au film.

Structural and optical properties of the NMDT-Si

Fig. 3 shows (a-c) the SEM images of NMDT-Si samples for 5, 7,
and 9 nm-thick Au films at an etching time of 10 min and (d) the
total reflectance spectra of the corresponding samples. For
comparison, the reflectance spectra of bare Si and MPT-Si are
also shown in the inset of Fig. 3(d). It can be evidently observed
that the patterns of Au-NPs are directly transferred onto the
surface of MPT-Si by dry etching, which creates the NMDT-Si, as
can be seen in Fig. 3(a—c). With increasing the thickness of Au
film, the morphology of NTs on the surface of the MPT-Si is
changed from the truncated conical pillars to the cylindrical
ones, while maintaining the height of ~200 + 20 nm without
period variation for each Au film. This is the reason why the
smaller-sized NPs generated from thinner Au films (e.g., 5 nm)
are further quickly eliminated at the edge of NPs compared to the
thicker and larger ones during the dry etching. To investigate the
effect of NTs with different periods on the reflectance of NMDT-Si
samples, their optical reflectance properties were measured in
the wavelength range of 350-1100 nm. As shown in Fig. 3(d), the
bare Si shows a high surface reflectivity of >30% at wavelengths of
350-1100 nm owing to the large difference in refractive indices
between air and the Si, indicating the average reflectance (Rayg) of
~38.5%. However, the MPTs decrease the reflectance of the bare
Si to be Ry ~ 20.6% due to the linearly effective graded-
refractive-index (GRIN) profile from air to the Si and enhanced
light-path lengths caused by the pyramidal micro-structure.>**
Clearly, an introduction of subwavelength-scale textures (i.e.,
NTs) into the surface of the MPT-Si leads to the further

Au:NPs on:MPT-Si
(7 nmv-thijck Au; thin filrmi)<:
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(a—c) SEM images of the thermally-dewetted Au-NPs on the surface of MPT-Si samples for different thicknesses (5, 7, and 9 nm) of Au

films and (d) estimated average period, size, and density of Au-NPs for the corresponding Au films.
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(a—c) SEM images of NMDT-Si samples for 5, 7, and 9 nm-thick Au films at an etching time of 10 min and (d) total reflectance spectra of the

corresponding samples. For comparison, the reflectance spectra of bare Si and MPT-Si are also shown in the inset of (d).

suppressed reflectivity over a broad wavelength range of 350-
1100 nm since they cause not only the additional linearly effective
GRIN distribution between air and the surface of MPT-Si, but also
allow the only zeroth-order diffracted wave to propagate through
the surface of NTs, known as ‘moth eye effect’.”” As the thickness
of Au film is increased from 5 to 9 nm, the low reflectance band of
the NMDT-Si is shifted towards the longer wavelength region
because the period of the NTs becomes larger (i.e., ~50 £ 15, 90
=+ 45, and 200 £+ 50 nm for 5, 7, and 9 nm, respectively). Gener-
ally, when the grating period becomes much smaller than the
wavelength of the incident light, a zeroth-order diffracted light
wave is only allowed to reflect (or penetrate) on the grating
structure and all the higher orders of diffracted light waves
become evanescent, leading to the superior antireflection
effect.>*** This result implies that the low reflectance in a specific
wavelength range can be obtained by adjusting the period of NTs
(i.e., Au film thickness). For the NMDT-Si at 7 nm-thick Au film,
the lowest R, of ~4% is obtained compared to the other
samples (Ravg ~ 5.9 and 4.5% for 5 and 9 nm, respectively).

We also investigate the influence of NTs with different
heights on the reflectance of NMDT-Si samples. Fig. 4 shows (a-
c) the SEM images of NMDT-Si samples at different etching
times of 5, 15, and 20 min for 7 nm-thick Au film and (d) the
total reflectance spectra of the corresponding samples. For
comparison, the SEM image and total reflectance spectrum of
the planar NT-Si at 15 min are also shown. As shown in Fig. 4(a—
c), the height of NTs on the MPT-Si surface is increased from
100 4+ 20 nm at 5 min to 300 & 30 nm at 15 min while it is
contrastively decreased to be 280 £+ 40 nm at 20 min, showing
the partly collapsed nano-pillars with uneven distributions.
This is attributed to the absence of Au-NPs (ie., complete

33760 | RSC Adv., 2017, 7, 33757-33763

removal), which are used as an etch mask, at longer etching
times. Additionally, the shape of NTs on the MPT-Si surface is
varied from the truncated cone at 5 min to the cone at 15 min.
As a result, the NMDT-Si consisting of conical NTs with larger
heights at 15 min shows the lowest reflectance spectrum (Ruyg ~
2.1%) compared to the other samples (Rayy ~ 10 and 2.7% at 5
and 20 min) over a wide wavelength range of 350-1100 nm, as
shown in Fig. 4(d). Furthermore, it also exhibits the superior
antireflection property in comparison with the planar NT-Si
(Ravg ~ 6%). The outstanding antireflection property can be
also confirmed from the photograph in the inset of Fig. 4(d).
The fluorescent white light is strongly reflected at the surface of
the bare Si. For the planar NT-Si, the faint reflected fluorescent
white light is also seen on its surface in spite of a black surface.
However, there is no any reflected fluorescent white light on the
NMDT-Si with a dark black surface.

For Si-based solar cell applications, it is necessary to explore
the percentage of the incoming solar energy, which is absorbed
by the Si, by obtaining the solar weighted absorption (Agw, ratio
of the usable photons absorbed to the total usable photons).
The Asw can be estimated by normalizing the absorption spec-
trum with the solar spectral photon flux (ie., air mass 1.5
global) integrated over a wavelength range of 350-1000 nm.*
The Agw is given by the following equation:

1000 nm
J S()a(2)da
A - 350 nm ; (1)

1000 nm
J S(2)da

350 nm

where S(2) is the spectral photon flux and a(4) is the absorption
(100 reflectance-transmittance) of samples at normal

This journal is © The Royal Society of Chemistry 2017
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(a—c) SEM images of NMDT-Si samples at different etching times of 5, 15, and 20 min for 7 nm-thick Au film and (d) total reflectance

spectra of the corresponding samples. For comparison, SEM image and total reflectance spectrum of the planar NT-Si at 15 min are also shown in
(b) and (d), respectively. The inset of (d) shows the photographic image of bare Si, NT-Si, and NMDT-Si samples.

incidence. Here, absorption data are not shown and trans-
mittance is zero. As expected, for the NMDT-Si at 15 min, the
highest Asw of ~98.5% is obtained compared to the other
NMDT-Si samples (Asw ~ 92.4, 97.2, and 98% at 5, 10, and
20 min, respectively) as well as the bare Si (Asw ~ 61.3%), the
MPT-Si (Asw ~ 79.6%), and the NT-Si (Asw ~ 95.7%). These
results suggest that the NMDT-Si with the superior antireflec-
tion ability can be useful to realize high-performance Si-based
photovoltaic systems.

Light-scattering property of the NMDT-Si

To study the light-scattering propagation of the NMDT-Si with
micro-features, the numerical optical analysis was performed
using the FDTD method. Fig. 5 shows the contour plots of
calculated electric-field intensities for optical light-propagation
properties of bare Si, NT-Si, and NMDT-Si via FDTD simulations
at A =530 nm. As shown in Fig. 5, for both the bare Si and NT-Si,
there are no scattered propagating lights inside Si. On the other
hand, the NMDT-Si with micro-pyramidal arrays has a strong
light scattering property with the wide angular spread due to the
extended effective optical path lengths caused by the rebound
lights between the micro-pyramids. This implies that the
probability of photons transmitted through the surface of the
NMDT-Si is increased instead of escaping back to air.***

Angle-dependent reflectance characteristics of the NMDT-Si

For high-performance devices in optical and optoelectronic
applications, the good antireflective characteristics should be
obtained in wide angles of incident light for both s- and p-
polarized lights. Fig. 6 shows the angle-dependent specular

This journal is © The Royal Society of Chemistry 2017

reflectance characteristics of bare Si, NT-Si, and NMDT-Si
samples at 6;, = 20-70° for (a) s-, (b) p-, and (c) un-polarized
lights. Here, the NT-Si and NMDT-Si samples fabricated at 7

Z (um)

Z (um)

Min

Z (um)

Fig. 5 Contour plots of calculated electric-field intensities for optical
light-propagation properties of bare Si, NT-Si, and NMDT-Si via
numerical FDTD calculations at 2 = 530 nm.
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nm-thick Au film and 15 min-etching time were examined. The
bare Si shows strong variations with angles of light incidence
for both s- and p-polarized lights. On the other hand, the NT-Si
is not relatively sensitive to polarization at 6;,, values lower than
50°, while exhibiting the increased reflectivity with fluctuations

80 £ s-polarized

Reflectance (%)
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T T T T T
600 700 800 900 1000
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T T
400 500 1100
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Fig. 6 Angle-dependent specular reflectance characteristics of bare
Si, NT-Si, and NMDT-Si samples at 6, = 20-70° for (a) s-, (b) p-, and (c)
un-polarized lights.
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at 6, = 60°. However, the NMDT-Si has much less angle-
dependent reflectance characteristics over wide ranges of
wavelengths (350-1100 nm) and incident angles (20-70°),
maintaining the reflectance values below 1% for both s- and p-
polarized lights. For the un-polarized light in Fig. 6(c), it shows
the much lower R,y of ~0.06% compared to the bare Si (Rayg ~
36.07%) and the NT-Si (R,yg ~ 2.22%) in the wavelength range of
350-1100 nm at 6;, = 20-70°.

Surface wettability

Finally, the surface wetting behaviors of the highly-textured
NMDT-Si were studied, compared with the bare Si, MPT-Si,
and NT-Si samples. Fig. 7 shows the photographic images of
a droplet on the surface of (a) bare Si, (b) MPT-Si, (c) NT-Si, and
(d) NMDT-Si samples with each static contact angle value. For
both the NT-Si and NMDT-Si at 7 nm-thick Au film and 15 min-
etching time, the time-sequential photographic images are also
shown. The surface water contact angle (6c,) of MPT-Si is
slightly reduced to be ~32.5° compared to that (§ca ~ 41.2°) of
bare Si, exhibiting the hydrophilic surface. On the other hand,
both the NT-Si and NMDT-Si show strong hydrophilic proper-
ties with 6., values of <5°. As shown in Fig. 7(c) and (d), a water
droplet is immediately spread on the surface like a water sheet
film after dropping within 1 s. This complete wetting is attrib-
uted to the considerably increased surface roughness due to the
NTs, which can be explained by the Wenzel's equation though it

a Bare Si || b MPT-Si
0o ~41.2° Oca ~ 32.5°

c O \sild NMDT-Si

0 sec 0 sec

0.2 sec 0.2 sec

0.5 sec 0ca<5° 0.5 sec 0ca<5°

Fig. 7 Photographic images of a droplet on the surface of (a) bare Si,
(b) MPT-Si, (c) NT-Si, and (d) NMDTSi samples with each static contact
angle value. For both the NT-Siand NMDT-Si at 7 nm-thick Au film and
15 min-etching time, the time-sequential photographic images are
also shown.
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is also related to the surface energy of materials and the plasma
(ozone) treatment.'**® The dust particles or contaminants on
the super-hydrophilic surface can be easily removed from the
surface by the flowing water droplets which can squeeze into the
space between the dusts and the surface. Therefore, the NMDT-
Si may self-clean the dust particles and quickly dry the rainwater
on the surface of Si-based optical and optoelectronic devices in
outdoor applications.

Conclusions

The outstanding antireflective and hydrophilic architectured Si
was fabricated by the nano/micro double-texturing processes.
The NMDT-Si was realized by the KOH-based wet etching for the
MPTs and the ICP etching via the thermally-dewetted Au-NPs
for NTs and their surface morphologies and optical reflec-
tance properties were investigated, together with surface
wettability. For the NMDT-Si at 7 nm-thick Au film and 15 min-
etching time, surpassing antireflection performance was ob-
tained in broad ranges of wavelengths (350-1100 nm) and
incident angles (0-70°) compared to the planar NT-Si as well as
the bare Si and the MPT-Si, resulting in the R, values of ~2.1%
and ~0.06% at 6;,, = 0° and 20-70°, respectively. In addition, it
strongly scattered the lights penetrated through the surface of
NMDT-Si, as confirmed by numerical FDTD simulations. It also
had a super-hydrophilic surface with fc, values of <5°. From
these results, the nano/micro double-textured Si with high
optical light absorption (ie., efficient antireflection/light-
scattering) and self-cleaning ability can be very useful for
high-performance Si-based optical and optoelectronic devices.
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