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Abstract: Si surfaces were texturized with periodically arrayed oblique nanopillars using slanted
plasma etching, and their optical reflectance was measured. The weighted mean reflectance (R) of
the nanopillar-arrayed Si substrate decreased monotonically with increasing angles of the nanopillars.
This may have resulted from the increase in the aspect ratio of the trenches between the nanopillars
at oblique angles due to the shadowing effect. When the aspect ratios of the trenches between
the nanopillars at 0° (vertical) and 40° (oblique) were equal, the Ry, of the Si substrates arrayed
with nanopillars at 40° was lower than that at 0°. This study suggests that surface texturing of
Si with oblique nanopillars reduces light reflection compared to using a conventional array of
vertical nanopillars.
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1. Introduction

Silicon (Si)-based photovoltaic devices, such as solar cells, have been studied exten-
sively due to the strong demand for clean and renewable energy. Although there have
been technological developments in the photovoltaic industry over the last decades, light
reflection from Si surfaces (due to the high refractive index of Si) has been an inherent
limitation in the power conversion efficiency of solar cells [1]. Antireflection techniques are
used to rectify this issue; they are primarily implemented with either surface coating [2] or
surface texturing [3].

Surface coating with antireflective layers is a conventional and simple method for
reducing reflectivity loss. Light reflection can be reduced by manipulating the refractive
index of the coating layer. However, coating foreign materials onto Si surfaces causes ther-
mal instability due to the different thermal expansion properties of each material [1]. This
eventually leads to delamination of the coated layers during thermal cycling. Furthermore,
single-layer coatings are effective only for relatively narrow wavelength bands, meaning
that complex layer stacks are required to achieve broadband antireflection effects [4].

Reflectivity loss can also be reduced by texturing Si surfaces. Surface texturing
methods with various structures, such as rods [5], pyramids [6], tips [7], and cones [8],
have been proposed and fabricated. Surface texturing can be performed via either wet [9]
or dry [10] etching. Wet etching is a simple method for fabricating surface structures, but it
presents less freedom in choosing the substrate (e.g., crystallinity) and requires substantial
amounts of chemicals. In addition, it is extremely difficult to precisely control the position
and size of the surface structures created during wet etching.

The dry etching method is based on gaseous plasmas; it has some advantages over wet
etching. Plasma etching allows for selective and anisotropic etching, and allows the shape of
the surface structures to be controlled. In addition, fewer toxic chemicals are used in plasma
etching compared to wet etching. Shieh et al. [11] fabricated silicon nanograss with an
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average diameter of 20 nm using hydrogen plasma etching. They observed a clear decrease
in the optical reflectance. Chen et al. [12] performed plasma etching in an Ar/BCl;/Cl,
mixture to form nanocylinder structures on the surface of Si. They analyzed the optical
properties of cylindrical nanostructures with different widths. Pai et al. [5] investigated
the aspect-ratio-dependent reflection of silicon nanopillars produced by CF,/Ar plasma
etching on a Si substrate. They suggested that Si nanopillars with higher aspect ratios
cause lower reflectance. Lee et al. [7] achieved Si nanotips with radii ranging from 20 to
100 nm using a two-step dry etching (CF4/O; reactive ion etching followed by SF¢/CysFg
deep reactive ion etching) process. They studied the effects of the density and aspect ratio
of these nanotips on the reflectance.

The light-trapping effect is the main cause for the decreased optical reflectance of
textured surfaces [13]. In other words, light is trapped in the trenches (or valleys) between
the surface structures (pillars, wires, rods, etc.), leading to a reduction in the light reflection.
From this point of view, optical reflectance could be further reduced by texturing a surface
with oblique (off-normal to the surface) structures because the trenches between the oblique
structures would provide longer paths for light-trapping. Xu et al. [14] fabricated black
Si with oblique nanocone arrays through a tilted etching process, and showed that the
surface-enhanced Raman scattering of the substrate with oblique nanocones was greatly
improved. Yao et al. [15] presented a two-dimensional (2D) Si-nanorod array with oblique
indium-tin—oxide (ITO) film using oblique-angle deposition. They demonstrated that 2D
Si-nanorod arrays with oblique ITO films had strong optical absorption. However, there
have been few reports on antireflective surfaces with oblique structures fabricated through
plasma etching.

In this study, Si surfaces with periodically arrayed oblique nanopillars were fabricated
via slanted plasma etching, and their optical reflectance was measured. Oblique Si nanopil-
lars were created using a Faraday cage, which can control the angle of ions incident on
the substrate surface. A range of angles of the nanopillars from 0° (vertical to the surface)
to 60° was utilized to investigate the effect of the nanopillar inclination on the optical
properties of the Si surface. The aspect ratios of the vertical and oblique nanopillars were
also varied, and their optical reflectance was compared.

2. Materials and Methods

Figure 1 shows a schematic of the fabrication process for periodically arrayed oblique
Si nanopillars. A Si substrate with hole patterns and a S5iO; mask was etched via slanted
plasma etching. The slanted plasma etching technique is suitable for the fabrication of
oblique etched structures over a large area, and can achieve excellent uniformity regarding
pattern height and diameter [16]. The slanted plasma etching was performed using a
Faraday cage system. A Faraday cage is a closed box made of a conductor, and its top
plane is made of a conductive grid. If the cage is in contact with the plasma and the size
of the grid’s opening is smaller than the sheath thickness, then a sheath will form along
the top plane of the cage. This means that ions generated from the plasma entering the
cage will align vertically. When traveling inside the cage, the ions maintain their initial
direction because the electric potentials are uniform within the cage. In other words, the
initial direction of the ions is not affected by the angle of the substrate holder in the cage.
Therefore, the ion-incidence angle (0), i.e., the angle of the ions incident on the surface of
the substrate, can be precisely controlled by varying the angle of the substrate holder. 6
is defined as the angle between the ion-incidence direction and the surface normal to the
substrate. In this study, after the slanted plasma etching, the SiO, masks on the oblique
etch structures were removed using a hydrofluoric (HF) solution (20%) to form oblique
Si nanopillars.



Materials 2021, 14, 380

30f9

[} Faraday
5 cage
! - ﬁb*j\t%\
Sheath| older Substrate Sheath
I Electrode |

(a) (b)

= AL = L

Figure 1. Schematic of the fabrication process of periodically arrayed oblique Si nanopillars: (a)
Si substrate with hole patterns and a SiO; mask; (b) slanted plasma etching using a Faraday cage
system; (c) oblique etch structures formed after the slanted plasma etching; (d) oblique Si nanopillars

formed following removal of the SiO, mask.

Slanted plasma etching was performed in an inductively coupled plasma (ICP) system,
as shown in Figure 2. The ICP was ignited by applying a 13.56 MHz radio frequency (RF)
source power to the induction coil. A separate 13.56 MHz RF bias power was applied to an
electrode to independently bias a sample on the electrode. The ICP chamber was equipped
with a Faraday cage, which was fixed to the electrode. The grid diameter and pitch of
the Faraday cage used in this study were 25 and 229 um, respectively. The angle of the
substrate holder was varied between 0° and 60° to fabricate the oblique Si nanopillars at
various angles.
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Figure 2. Schematic of an inductively coupled plasma system equipped with a Faraday cage to

perform slanted plasma etching.

Periodically arrayed oblique Si nanopillars were fabricated on a p-type Si (100) wafer.
Figure 3 shows scanning electron microscopy (SEM) images of the samples. The sample
comprised a Si substrate featuring hole patterns with a SiO, mask. The diameter and pitch
of the holes were 400 and 1200 nm, respectively. Thus, the holes were spaced 800 nm apart.
The height of the hole mask was 440 nm.
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Figure 3. Scanning electron microscopy (SEM) images of the hole patterns on the samples: (a) top;

(b) cross-sectional view.

Slanted plasma etching was performed through a cyclic process consisting of alter-
nating etching and deposition steps. This cyclic process has been widely used to obtain
deep Si etch profiles [17]. In the etching step, SFq plasmas were used by applying 400 W
and —100 V as the source power and bias voltage, respectively. The flow rate of SFs was
30 sccm (scem denotes cubic centimeters per minute at standard temperature and pressure),
and the chamber pressure was 10 mTorr (1.3 Pa) during this step. In the deposition step,
C4Fg plasmas were used by applying only a source power of 400 W. The flow rate of C4Fg
was 30 sccm, and the chamber pressure was 30 mTorr (4.0 Pa) during the deposition step.
The etching and deposition steps lasted for 21 and 5 s, respectively. The alternating etching
and deposition steps were repeated for as many cycles as needed to obtain the desired
etch depth.

The heights of the nanopillars (defined as the etch depth in the direction of 8) were
fixed to 1500 nm in this study. The number of cycles to obtain 1500-nm-high nanopillars at
each angle was as follows: 11 cycles for 0°, 11 cycles for 10°, 11 cycles for 15°, 12 cycles for
20°, 12 cycles for 30°, 14 cycles for 40°, 15 cycles for 50°, and 18 cycles for 60°. The aspect
ratios of the nanopillars at 0° and 40° were varied accordingly to compare the effects of
the aspect ratio of the trench between the nanopillars at different angles. The aspect ratio
of the structure (either nanopillar or trench between the nanopillars) was defined as the
height of the structure divided by its width.

When a sample is exposed to fluorocarbon plasmas, thin fluorocarbon films form
on its surface [18]. After slanted plasma etching, the residual fluorocarbon films on the
nanopillars were removed by ashing them at 500 °C for 1 h. The samples were then dipped
in an HF solution (20%) for 150 s to remove the SiO, masks before being rinsed with
deionized water.

The etch profiles of the samples were observed using SEM (COXEM, EM-30AX, Dae-
jeon, Korea). The optical properties of the samples were evaluated using the reflectance
spectra in the range of 300-800 nm, as obtained by an ultraviolet-visible (UV-Vis) spec-
trometer (Jasco, V-650, Tokyo, Japan). The UV-Vis spectrometer was equipped with an
integrating sphere (Jasco, ISV-722, Tokyo, Japan) with normal incidence (incidence angle to
the reflection surface = 0°).

Figure 4 shows SEM images of Si substrates with periodically arrayed nanopillars
that were fabricated using slanted plasma etching at 6 = 0°, 10°, 15°, 20°, 30°, 40°, 50°,
and 60°. For all cases, the heights of the nanopillars (vertical or oblique) were set to be
1500 nm in the direction of 8 by manipulating the number of cycles during slanted plasma
etching. The Si nanopillars were uniformly arrayed at each angle. The SEM images show
that the angles of the oblique Si nanopillars corresponded well to the respective angles of
ions incident on each substrate.
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Figure 4. SEM images of Si substrates with periodically arrayed nanopillars at various ion-incidence
angles: (a) 0°; (b) 10°; (c) 15°; (d) 20°; (e) 30°; (f) 40°; (g) 50°; (h) 60°. The heights of the nanopillars
were defined as the etch depth in the direction of the ion-incidence angle.

3. Results and Discussion

Figure 5a shows the optical reflectance of Si substrates periodically arrayed with
nanopillars at various angles. The reflectance of bare Si was also included for comparison.
Bare Si exhibited a reflectance above 40% in the UV-visible range (300-800 nm) and reached
as high as 64% at 300 nm. The surfaces of the Si substrates textured with periodically
arrayed oblique nanopillars exhibited optical reflectance that was greatly reduced. In
order to quantitatively compare the reflectance loss from the bare Si, the weighted mean
reflectance (Ry) was calculated using Equation (1), where R(A) is the reflectance of the Si
surfaces with periodically arrayed oblique nanopillars and Sap 156 is the air mass (AM) at
1.5 G solar spectral irradiance [19].
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Figure 5. (a) Optical reflectance of Si substrates periodically arrayed with nanopillars at various
angles; (b) weighted mean reflectance of Si substrates with periodically arrayed nanopillars as a
function of their angles. In both figures, the values of bare Si are included for comparison.
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Figure 5b shows the Ry, values of the Si substrates with periodically arrayed nanopil-
lars as a function of their angles. The Ry, for bare Si was 37%, which was significantly higher
than those of the substrates with periodically arrayed nanopillars. When the Si surface
was textured with vertical nanopillars, its Ry, was 13.5%. Ry decreased monotonically
with the increase in the angle of the Si nanopillars. The lowest Ry, (7.1%) was obtained
at 60°, indicating that the reflectance of bare Si was greatly reduced by the formation of
periodically arrayed oblique Si nanopillars.

The reduction in the Ry, of the nanopillar-arrayed Si substrate with increasing angle
of the nanopillars may have resulted from the decreasing width of the trench between
the nanopillars due to the so-called shadowing effect [16]. When 0 is oblique from the
surface normal to the substrate, a mask prohibits ions from arriving at the substrate. This
causes a shadow area, as shown in Figure 6. As 0 is increased, the shadow area increases,
which corresponds to a decrease in the etchable area. Therefore, the width of the trenches
between the nanopillars decreases (or the diameters of the nanopillars increase) as the
angles of the nanopillars increase. As shown in Figure 4, the diameters of the nanopillars
increased from 400 to 800 nm as their angles increased from 0° to 60°. As the widths
of the trenches between the nanopillars decreased (or the diameters of the nanopillars
increased) at oblique angles, the aspect ratios of the trenches increased. Incident light is
likely to be more scattered in trenches with higher aspect ratios. In other words, more light
was trapped in trenches with higher aspect ratios, resulting in a greater reduction in the
reflectance of light. Therefore, the R,, values of the Si substrates that were periodically
arrayed with nanopillars decreased as the angles of their nanopillars increased.

g R PERE DD

Shadow area

Figure 6. Illustration of the shadowing effect due to the ions incident on the substrate in the oblique
direction from the surface normal.

If the increases in the aspect ratios of the trenches between the nanopillars were the
sole factor for reducing the reflectance values of the Si substrates periodically arrayed with
nanopillars, it could be argued that fabricating oblique nanopillars would not be necessary.
In other words, the reflectance of Si substrates with vertical nanopillars could be decreased
by increasing their aspect ratios instead of making them oblique.

To address this issue, the reflectance of Si substrates with periodically arrayed nanopil-
lars at 0° (vertical) and 40° was compared. Figure 7 shows SEM images of Si substrates
periodically arrayed with nanopillars at 0° and 40° with various aspect ratios. The diame-
ters of the nanopillars at each angle were fixed, whereas their heights in the direction of 6
were varied from 1000 to 3000 nm. By doing this, the aspect ratios of the trenches between
the nanopillars at 0° and 40° were varied.
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Figure 7. SEM images of Si substrates periodically arrayed with nanopillars at various aspect ratios:
(a) 0°; (b) 40°. The numbers in the parentheses represent the aspect ratios of the trenches between the
nanopillars.

Figure 8 shows the R, values of the Si substrates periodically arrayed with nanopillars
at 0° and 40° as a function of the aspect ratios of the trenches between the nanopillars. As
expected, the reflectance decreased with the increase in the aspect ratio of the trenches at
both 0° and 40°. At the same aspect ratio, the Ry, of the trenches at 40° was lower than that
at0°.

25
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[ ]
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x 10}
[ J
[
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0 1 2 3 4 5 6 7

Aspect ratio of trench between nanopillars

Figure 8. Weighted mean reflectance of Si substrates periodically arrayed with nanopillars at 0° and
40° as a function of the aspect ratios of trenches between the nanopillars.

The reduction in the reflectance of light incident on the surface of the textured Si
substrate is known to result from light being trapped in the structure, as well as the change
in the effective refractive index over the structure [20]. As the Fresnel reflection was located
at the interface of the two media, there was a large difference in the refractive index between
air and Si, leading to the reflection of light incident on the Si substrate. The nanopillars
on the Si substrate served as an optical buffer, such that the effective refractive index of
the nanopillar array was lower than that of Si. In addition, the tapered morphology of the
nanopillar array reduced the reflection due to the gradual change in the refractive index
observed over the array [21].
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As seen in Figure 7, the nanopillars at 40° swelled toward the substrate compared
to those at 0°. As the ion flux had a cosine distribution with respect to 6, it decreased
with increasing 0. Therefore, when ions arrived off-normal to the surface of the substrate,
etching was delayed compared to that for the vertical incidence of ions. As the etching
process proceeded, the etching delays accumulated, resulting in the etch profiles having a
tapered morphology (or the swollen structure of nanopillars) at 40°. On the other hand,
when ions arrived vertically at the surface of the substrate, there was no etching delay,
leading to less tapered etch profiles at 0°. Therefore, the Ry, of the Si substrate that was
periodically arrayed with nanopillars at 40° was lower than that at with nanopillars arrayed
at 0°.

4. Conclusions

The optical reflectance of silicon (Si) substrates with periodically arrayed nanopillars
at various angles, which were fabricated via slanted plasma etching, was investigated.
The weighted mean reflectance (R;) values of Si substrates with periodically arrayed
nanopillars were significantly lower than that of bare Si. In addition, when the heights of
the nanopillars (defined as the etch depth in the direction of the ion-incidence angle) were
fixed, the Ry, values of the Si substrates with periodically arrayed nanopillars decreased
monotonically with the increase in the angle of the nanopillars from 0° to 60°. Decreasing
the width (or increasing the aspect ratio) of the trenches between the nanopillars at oblique
angles resulted in more light being trapped in the trenches with the increase in the angle of
the nanopillars, possibly due to the shadowing effect.

When the aspect ratios of the trenches between the nanopillars at 0° (vertical) and 40°
(oblique) were the same, the Ry, of the Si substrate with periodically arrayed nanopillars at
40° was lower than that at 0°. This resulted from a more gradual change in the refractive
index over the nanopillar array at 40° than that at 0° because the oblique ion-incidence
angles of the former created a tapered morphology for the etch profiles (or because it
swelled the structures of the nanopillars).

This indicates that the surface texturing of Si with oblique nanopillars is effective in
reducing light reflection compared to a conventional array of vertical nanopillars.
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