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Abstract: An integrated functional anti-reflective surface is of great significance for optical and
optoelectronic devices. Hence, its preparation has attracted great attention from many researchers.
This study combined wet alkaline etching approaches and reactive ion etching (RIE) techniques to
create a dual-scale hierarchical anti-reflective surface on silicon substrates. The effect of RIE time on
surface morphology and optical performance was investigated using multiple characterization forms.
The optimal parameters for the fabrication of dual-scale structures by the composite etching process
were explored. The silicon surface with a dual-scale structure indicated excellent anti-reflective
properties (minimum reflectivity of 0.9%) in the 300 to 1100 nm wavelength range. In addition, the
ultra-low reflection characteristic of the surface remained prominent at incident light angles up to
60◦. The simulated spectra using the finite difference time domain (FDTD) method agreed with
the experimental results. Superhydrophobicity and self-cleaning were also attractive properties of
the surface. The functionally integrated surface enables silicon devices to have broad application
prospects in solar cells, light emitting diodes (LEDs), photoelectric detectors, and outdoor equipment.

Keywords: ultra-low-reflective; dual-scale structure; reactive ion etching (RIE); wet etching; hy-
drophobic

1. Introduction

Silicon is one of the most abundant materials on Earth and has the characteristics
of good chemical stability, no environmental pollution, easy doping, and easy purifica-
tion [1–5]. It has been widely used in the semiconductor industry. Moreover, silicon is
the most promising fundamental material in the microelectronics and solar photovoltaic
industries [6–10]. However, with the development of technology, many critical problems
have been exposed, such as narrow spectral absorption and high reflectivity. Therefore, it
is worthwhile to explore the surface modification technology of silicon materials in depth.
The surface of silicon has deficient average absorption in the visible–near-infrared spectral
band. Since the last century, researchers have been seeking to improve the absorption
coefficient of silicon in the visible–near-infrared spectral band by modifying the surfaces
of silicon substrates [11–13]. In particular, the fabrication of micro-nano structures on the
silicon surface is a popular route for surface modification [14–21]. For example, pyramidal
structures effectively reduce the surface’s reflectivity and improve the efficiency of photo-
voltaic cells, which is attributed to their ability to collect and capture light through internal
reflection [22–30].
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The approaches to constructing micro-nano structures on silicon substrates have
been categorized into two species: wet etching and dry etching. One of the conventional
operations for wet etching is the anisotropic etching of silicon using alkaline chemicals
(potassium hydroxide/sodium hydroxide). This method has the advantages of low cost,
simple equipment, easy observation, easy operation, and easy preparation of large ar-
eas [2,31–33]. Dry etching uses an ion source with specific energy to bombard the substrate
material and causes it to peel to achieve etching. With continuous development, dry etching
has led to a variety of processes, such as reactive ion etching (RIE) [34–37], the inductively
coupled plasma etching (ICP) process [38–40], the ion beam etching process, and deep
reactive ion etching (DRIE) [41]. RIE is an etching method that produces both physical
and chemical effects. The technique can be operated at room temperature and has the
advantage of fast etching speed and high precision.

Here, we developed an ultra-low-reflectivity surface with unique wetting properties
by combining wet etching methods with RIE techniques. The effect of RIE time on silicon
surface morphology and optical properties with micro-nano dual-scale hierarchical struc-
tures was investigated. The optimal technical parameters for the fabrication of dual-scale
structures by the RIE technique combined with the wet etching process were obtained.
The optical property of the surface was simulated using the finite difference in the time
domain (FDTD) method. Hydrophobicity and self-cleaning are also attractive properties of
the surface. We also briefly compared this work with those recently reported, as shown
in Table 1. The functionally integrated surface enables silicon devices to have broad ap-
plication prospects in solar cells, LEDs, photoelectric detectors, and outdoor equipment.

Table 1. Comparison of this work with recently reported work.

Minimum
Reflectance Wavelength Range Wettability References

0.92% 300 nm~1100 nm super-hydrophobic this work
1.27% 300 nm~800 nm hydrophobic [2]
2.5% 300 nm~1200 nm uncharacterized [28]
~5% 200 nm~1100 nm super-hydrophobic [42]
~1% 350 nm~1100 nm super-hydrophilic [43]
1.3% 300 nm~1100 nm uncharacterized [44]

2. Experimental Section
2.1. Materials

Silicon wafer (20 × 20 × 5 mm3, the resistivity of 1~10 Ω cm, p-type, single-sided
polished), isopropyl alcohol (IPA, AR ≥ 99.5%), potassium hydroxide (KOH), hydrofluoric
acid (HF), anhydrous ethanol, acetone, deionized water, trifluoromethane (CHF3), sulfur
hexafluoride (SF6), and helium (He).

2.2. Fabrication of Dual-Scale Hierarchical Micro-Nano-Structured Optical Surface

The silicon wafers were first ultrasonically cleaned using, in order, acetone, anhydrous
ethanol, and deionized water. The purpose was to remove contaminants such as oil,
particles, and metals left on the surface during manufacturing. Each solvent was cleaned in
two cycles, each cycle lasting 10 min. The cleaned wafers were placed in a certain amount
of HF to remove the oxide layer on the surface. The reaction time was 1 min, and the control
temperature was 70 ◦C. The wafers with the oxide layer removed were wet-etched in a
mixture of KOH and isopropanol for 15 min at a controlled temperature of 80 ◦C. After the
wet reaction, the samples were washed with deionized water and blown dry with nitrogen.

Further to optimize the sample surface, the wet-etched samples were resurfaced by
RIE. The samples were placed in a vacuum chamber, and the radio frequency (RF) power
was set to 300 W. The gas reactant was a mixture containing CHF3/SF6/He. During the
etching process, the chamber pressure was maintained at 5 Pa and the etching time was
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5~25 min. Ultimately, exotic dual-scale structures were formed on the silicon surface after
two etchings.

2.3. Performance Characterization

The morphology of the silicon wafers was analyzed by scanning electron microscopy
(SEM, ZEISS FESEM ULTRA 55, Carl zeissNTS GmbH, Jena, Germany). Reflectance
measurements at 300~1100 nm were performed using a UV–Vis–NIR spectrophotometer
(PerkinElmer Lambda 950, PerkinElmer, Waltham, MA, USA). The surface wettability of
the samples was characterized using a contact angle tester (JC2000C, Shanghai Zhongchen
Digital Technology Co., Shanghai, China).

3. Results and Discussion

The schematic diagram in Figure 1 briefly illustrates the fabrication of the surface
with micro-nano dual-scale structures. First, the silicon wafers <100> were anisotropically
etched with alkaline solvent. The essence of the chemical reaction is the reaction between
Si and OH−:

Si + 2OH− + 4H2O→ Si(OH)2−
6
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Figure 1. The process of fabrication of dual-scale hierarchical optical structures on silicon. (a) Un-
etched silicon wafer (b) Wet etched silicon wafer (c) Further RIE etched wafer.

The generated silicon particles immediately afterward can undergo a complexation
reaction with IPA, as shown in the following equation:

Si(OH)2−
6 + 6(CH3)2CHOH→ [Si(OC3H7)6]

2− + 6H2O

The complexation reaction products were proven to be highly soluble in water. There-
fore, the anisotropic corrosion reaction of silicon wafers can be carried out continuously,
leading to the final formation of the micro-scale pointed cone shape of the pyramid struc-
ture. However, the silicon surface properties of micro-scale pyramids have not yet fully
achieved the goal of ultra-low reflection. The surface needs to be further optimized.

The next step was to execute the RIE of the above micron pyramid structure. During
etching with CHF3/SF6/He plasma, there was constant competition between reactive
fluorine ions (CFx+, SFx+) and passivated fluorocarbons (CFx). SF6 generates a glow
discharge at a specific voltage and forms fluorine radicals (F∗), which immediately react
with silicon atoms on the sample surface to form volatile gas products. The chemical
reaction equations are:

SF6 + e− → SF+
5 + F∗+ 2e−

Si + 4F∗ → SiF4 ↑

Under suitable RIE etching conditions, CFx was randomly deposited on the surface to
act as a mask to prevent etching. Therefore, in the RIE, two processes co-occur: fluorocarbon
deposition and etching. Helium was added for two primary purposes: energy transfer and
intermolecular spacing reduction. The balance of etching and fluorocarbon deposition can
be used to fabricate nano-scale structures. The effective combination of wet etching and
reactive ion etching produced a micro-nano dual-scale surface.
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3.1. Fabrication of Micro-Scale Pyramidal Structure

The morphological structure of the silicon wafers after wet etching was observed
using SEM. Figure 2a and the inset show the sample’s top and side-view SEM images after
anisotropic alkaline etching, respectively. It can be noticed that micro-scale structures with
distinctive characteristics are presented on the surface of the bare silicon wafer. Viewed as
a whole, the micro-scale structures are compactly arranged, and the substrate is thoroughly
covered. Individually, the angles are well-defined and exhibit a conspicuous pyramidal
feature. Figure 2b compares the reflection spectra of the bare silicon wafer and the silicon
wafers equipped with micro-scale structures in the wavelength range of 300~1100 nm. Wet
etching can effectively reduce the reflectance in the broadband wavelength. The average
reflectance is reduced by 23.72%. From the perspective of geometrical optics, when the
incident light arrives at the surface of a bare silicon wafer, there is only one reflection,
and the incident light is absorbed once. However, at least two reflections occur when the
incident light reaches a surface with a micron pyramidal structure, and the sunlight is
absorbed at least twice. The wet etching approach to fabricate micro-scale anti-reflective
structures provided a favorable basis for the subsequent preparation of dual-scale forms.
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Figure 2. (a) SEM image of the silicon wafer after wet etching. (b) Reflectance spectra of the bare
wafer and wet etched wafer.

3.2. Fabrication of Dual-Scale Hierarchical Structures

We obtained dual-scale structures with excellent anti-reflective properties by further
sculpting the nano-scale structure on the micro-scale structure through RIE. During RIE,
the etching time directly affects the density and size of the nanostructure, which ultimately
affects the anti-reflective properties of the silicon surface. To explore the effect of RIE time
on the anti-reflective properties of the silicon surface more quickly, we first performed
the RIE operation on bare silicon wafers and characterized the morphology and reflection
spectra of different samples.

Figure 3 shows the surface morphology and anti-reflective properties of the sample
treated by one-step reactive ion etching solely, and the experimental parameters are detailed
in Table 2. Figure 3a–d show the SEM images of the samples at RIE times of 10 min, 15 min,
20 min, and 25 min, respectively. As shown in Figure 3a, when the reactive ion etching
process lasted for 10 min, the entire surface of the silicon wafer was almost uniformly
distributed by fluorocarbons. At the same time, some nanostructures appear, which are
sparsely arranged with large average spacing. As the etching time increases to 15 min, the
number of new nanodots on the surface increases and the nanostructures become tightly
arranged, as demonstrated in Figure 3b. However, the strength between the fluorocarbon
deposition effect and the etching effect changes as the time increases during the reactive ion
etching process. When the reaction time is extended to 20 min, the etching effect is stronger
than the fluorocarbon deposition effect. Thus, the size of the nanostructures in Figure 3c
is larger than that in Figure 3b. When the etching time is 25 min, it can be noticed from
Figure 3d that the density of the nanostructures becomes smaller and the size becomes
larger, and these changes are due to the annexation effect between adjacent structures.
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Table 2. Samples etched with different RIE times.

No. Etching Time (min) Gas Ratio (SF6:CHF3:He sccm) Pressure (Pa) Power (W)

1# 10

50:30:50 5 300
2# 15
3# 20
4# 25

The samples treated under different conditions differed not only in morphology but
also in anti-reflective properties. As shown in Figure 3e,f, the average reflectance decreased
by approximately 12% when the etching time was increased from 10 to 15 min. After
20 min of RIE, the average reflectance of the sample again decreased by 7.73%. When the
etching time lasted for 25 min, the average reflectance increased by 1.72%. The surface
of the sample after 20 min of etching had the lowest reflectance of 3.57%. Overall, the
average reflectance and the minimum reflectance show a trend of decreasing and then
increasing with prolongation of the etching time, which is consistent with the pattern of
structural changes.

The RIE time parameter altered the surface structure and had an impact on per-
formance. We repeated RIE on the wet-etched samples to create dual-scale micro-nano
hierarchical structures on the silicon based on the above experimental results. Figure 4a–d
show the SEM of the sample surface under different combination etching parameters.
The details of the combination process parameters are shown in Table 3. Figure 4a–d
correspond to RIE times of 10 min, 15 min, 20 min, and 25 min, respectively. The rough
morphology emerged during the etching process as the fluorocarbon was further deposited
on the wet-etched micrometer pyramidal structure. RIE was treated for 10 min, and the
micro-scale pyramidal structure from the previous wet etching step in Figure 4a had a dis-
tinctive structure with well-defined angles. The nano-scale structures obtained by RIE were
uniformly and densely distributed. With the increase in etching time, the micro-scale pyra-
midal structure of the whole surface did not change significantly; however, the nano-scale
structure became denser and larger than when treated for 10 min. The distance between
the nano-scale structures was slightly larger than the diameter of the nanostructures. These
details are shown in Figure 4b. Continuing to deepen the etching, the pyramid shape was
still evident, and the nano-scale structures were larger and more uniform in size. Figure 4c
shows the top view of the SEM at an etching time of 20 min, while Figure 4e shows the
corresponding cross-sectional SEM image, from which we can visualize the dual-scale
feature of the structure. However, after the etching time was greater than 20 min, the
etching deepened, the adjacent nano-scale structures were aggregated, and the outline of
the micro-scale pyramid was destroyed and became softened.
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Table 3. Samples etched by wet etching and at different RIE times.

No. Wet
Etching

Etching
Time (min)

Gas Ratio
(SF6:CHF3:He sccm)

Pressure
(Pa)

Power
(W)

5# KOH (500 mL) +
IPA (100 mL)

15 min
80 ◦C

10

50:30:50 5 300
6# 15
7# 20
8# 25

The reflectance spectral data of the samples for various combined etching conditions
are given in Figure 4f,g. When the etching time was extended from 10 min to 20 min, the
dense and increasing nano-scale structures played a role, and the reflectivity decreased
by 10.92% on average. However, when the etching time exceeded 20 min, the effect of the
micro-scale pyramids in reducing reflection was eliminated, and the reflectivity increased
by an average of 3.35%. The lowest reflectivity of 0.92% was achieved when the etching
time was 20 min, which was the optimal time parameter.

Based on the above experimental results, we summarized the basic mechanism of
the effect of etching time on the reflectivity of the dual-scale structure. The RIE process
was a process in which two reactions, fluorocarbon deposition and etching, were carried
out simultaneously and competed. The relative intensities of the deposition and etching
processes were in the process of change with different etching times. When the deposition
of fluorocarbon dominated, the nanodots in the structure increased, and the density of
the nanostructure changed more significantly. While when the etching process played a
major role, the size of the nanostructure changed more significantly. It was precisely the
variability of these two processes that gave rise to the variability of the dual-scale structure
with the etching time, and ultimately to the different anti-reflective properties.

3.3. Optical Properties of Surfaces with Dual-Scale Hierarchical Structures

Photographs of the samples treated with the different etching processes were captured
under natural light. Figure 5a can be described as follows. The original silicon wafer on
the far left intensely reflected natural light and could mirror clear text. Next was the silicon
wafer etched by wet etching. The silicon wafer etched by one-step RIE was relegated to the
third position, and the silicon wafer with dual-scale structures prepared by the composite
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process was placed on the far right, and it was clearly the darkest of the four samples,
with the lowest reflectivity. The reflectance spectra corresponding to the four physical
samples are given in Figure 5b. The silicon wafer’s high refractive index results in an
average surface reflectance of more than 35%. After wet etching, the average reflectivity
of the silicon wafer surface was reduced by nearly 61%, with a minimum reflectivity of
9.81%. Further, the reflectance reduction of the sample after one-step dry etching was also
well-demonstrated. The average reflectance was 6.97% in the 300~1100 nm band. The
composite etched samples had the finest anti-reflective properties. The average reflectance
in the UV–Vis–NIR band was 2.99%, and the lowest reflectance was 0.92%. The dual-scale
structure derived from both wet and dry etching processes, which traps the light, is intrinsic
to the low reflectivity performance.
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Thus, we theoretically simulated the anti-reflection properties of the dual-scale hierar-
chical structure using the commercial software FDTD version 2019. First, the whole surface
was divided into two layers: the lower layer was the silicon substrate layer, and the upper
layer was the etched dual-scale structure. Among them, the dimensional parameters of the
dual-scale structure were set as a micron pyramid with a height and width of L = 5 µm, and
the nano-scale structure was a cone with a variable bottom diameter (d = 50 nm~200 nm)
and height (h = 450 nm~700 nm). It was noticed that the micron-scale pyramids in the
simulation model were arranged periodically, while the uppermost nanoscale structures
were randomly distributed. Material settings for pyramid structure, nanoscale structure,
and substrate structure were set to “Si (Silicon) Palik”. The filling medium between each
different structure was air. The incident light source was a plane-wave light source with a
wavelength band of 300~1100 nm and a Z-axis negative direction. The grid size was set
to: dx = 5 nm, dy = 5 nm, dz = 10 nm. Regarding the boundary conditions, the X and Y
directions were set to "Bloch", and the Z direction was set to "PML". The reflectivity detector
was placed at the boundary of the simulation area and the light source. Figure 6a shows
the schematic diagram of the simulation model. After data comparison, the reflectance and
absorption data of the simulation model with dimensions (h = 600 nm, d = 60 nm) were
close to the measured results of the dual-scale hierarchical structure shown in Figure 4e.
The comparison results are shown in Figure 6c,d, respectively. Figure 6b displays the
electric field intensity map of the wavelength at 590 nm (this wavelength corresponds
to the lowest reflectivity). All in all, it has been demonstrated both theoretically and ex-
perimentally that the prepared dual-scale hierarchical structure was a low-reflection and
high-absorption structure.
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The ultra-low reflection of the surface with dual-scale hierarchical structures occurred
not only in a wide wavelength range from 300 to 1100 nm but also at large angular incidence
of the light. Figure 7 shows the specular reflectance of the hierarchical structure for angles
of incidence varying from 0◦ to 75◦. The specular reflectance of these optimized dual-scale
structures remained below 1% even at angles as high as 60◦. The high tolerance to the angle
of incident light will facilitate the maximization of light absorption by solar cells without
actively tracking sunlight.
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3.4. Wettability of Surfaces with Dual-Scale Hierarchical Structures

The superhydrophobicity of silicon devices is of great importance in various practical
applications owing to their fascinating self-cleaning properties. To evaluate the wettability
of the dual-scale hierarchical structured silicon surface, water contact angle (WCA) mea-
surements were carried out. Figure 8a shows the water contact angle measurement of
105.54◦ for the sample etched by wet etching only, which corresponds to the surface of a
micro-scale pyramidal structure. Figure 8b shows the WCA measurement of 152.31◦ for
the sample etched by wet etching and then by RIE. The test results clearly show that the
surface with the micro-nano dual-scale structure exhibits superhydrophobicity. In practice,
contaminants and dust adhering to a superhydrophobic surface are easily washed off by
water, so the surface exhibits self-cleaning properties.
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4. Conclusions

In conclusion, dual-scale anti-reflective structures were prepared by a combination
of the wet etching process and RIE technology. The anti-reflection performance of the
surface was optimal when the RIE time was 20 min under the conditions of invariable gas
flow rate and RF power. The micro-scale pyramidal and the nano-scale structures were
perfectly combined in scale and position, enabling the silicon device’s surface to absorb
light from all directions. Silicon surfaces with a dual-scale hierarchical structure exhibited
excellent anti-reflection properties in the wide wavelength range of 300 to 1100 nm, with a
minimum reflectance of 0.92%. In particular, the ultra-low anti-reflection property of the
surface was highly tolerant to the incident light angle, which was still apparent at incident
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light angles as high as 60◦. Simultaneously, due to the existence of the dual-scale structure,
the silicon wafer surface acquired superhydrophobic properties, and the whole device
had the capability of self-cleaning. This work demonstrates that the combination of wet
etching and RIE techniques to prepare such dual-scale structures is standard and feasible.
It provides an effective solution for large area preparation of integrated functional silicon
devices. However, the surface mechanical properties of devices with dual-scale structures
should be further improved.
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