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We have developed a simple and scalable approach for fabricating random antireflective grass structures on silicon 
substrates. Theese structures are prepared by a two-step dry etching process. And they exhibit excellent broadband 
antireflection properties. The results show that the reflection of silicon wafer with the grass structures can be reduced to 
about 0.5% in the range UV to near-IR wavelength (300–1500 nm). Besides, the antireflective grass surfaces possess 
superhydrophobic properties. Such antireflective grass surfaces are promising for fabrication of antireflective and 
self-cleaning optical materials to be used in many important fields. 
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1. Introduction 
 

Conventionally, there has been considerable interest 
in broadband antireflection properties for a variety of 
device applications such as liquid crystal displays, 
high-performance solar cells, detecting optoelectronic 
and surface emitting devices [1]. Recently, there has been 
a major research to improve the cell efficiency of solar 
cells around the environment, especially for silicon based 
solar cells due to the low cost [2]. A polished substrate 
surface of an optical device can reduce the scattering loss 
effectively. However, there is still a Fresnel reflection 
loss at the optical interface between two medium of 
different refractive index as consequence of sudden 
change of the refractive index at a discontinuous 
boundary [3]. Anti-reflection (AR) technology is 
currently used to reduce reflectance from the surface of 
solar cells [4]. The current AR technologies can be 
broadly divided into two categories: one is AR coatings, 
and another is subwavelength surface texturing [5-9]. 
However, the AR coatings has problems associated with 
limitations in the coating materials and various physical 
and chemical properties that will affect adhesion, thermal 
mismatch, and the stability of the thin-film stacks [10-12]. 
On the other hand, the subwavelength surface texturing 
possesses distinct advantages compared to the AR 
coatings. First, the subwavelength surface texturing 
typically consist of various fractions of air and substrate 

material [6]. However, in the field of optics or 
photoelectron, refractive index of optical materials is 
very high and proper materials for antireflective coatings 
based on multilayered films are rare in nature [12]. 
Second, the subwavelength surface texturing exhibits 
robust mechanical stability and better durability than AR 
coatings because no foreign materials are involved when 
they are etched in the substrate [13]. Last, the 
subwavelength surface texturing have many tunable 
factors, such as the depth, period and the substrate filling 
factor [14]. They can dramatically suppress the reflection 
losses over a large angle of incidence and a large range of 
wavelength because of with gradually changing 
refractive indices moving from that of the incident 
medium to that of the substrate [15]. But the thin film AR 
coatings based on porous or multilayered films demand 
thicker and more layers to obtain broadband 
antireflective properties. Thus, the preparation of such 
coatings is inefficient and high cost [16]. To obtain the 
subwavelength surface texturing with a broadband 
antireflection properties, many fabrication methods have 
been proposed, including interference lithography [17], 
electron beam lithography [18, 19], colloidal nanosphere 
lithography [20], anodic porous alumina [21], thermally 
dewetting [22] and magnetron sputter deposition[23] 
metallic nanoparticles as etch masks followed by plasma 
etching. However, these methods are restricted for 
requiring complications multiple steps, high cost and low 
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effective for practical applications. In practical 
applications, when contamination occurs on AR surfaces, 
their optical properties would dramatically deteriorate. 
Contaminants accumulate on the surface leading to 
scattering and reflection of light. This problem may be 
solved by creation of a surface that has superhydrophobic 
property. The AR property and self-cleaning surfaces are 
highly desired to various optical and photoelectron 
devices [24]. In the previous study, some researcher 
reported a new fabrication approaches especially 
low-cost, maskless, and fabrication methods for 
antireflective surfaces with a low aspect ratio [25]. 
However, it is well-known that achieving a deeper 
tapered shape offers a better suppression of reflection 
[26]. 

In this paper, we improve two-step dry etch process 
to produce high aspect ratio silicon random grass.  In 
the first step, low aspect ratio silicon random grass was 
produced by reactive ion etch (RIE) process, the second 
step will be referred to as the deep reactive ion etch 
(DRIE)for high aspect ratio silicon grass. We will 
describe the antireflection surface fabrication technique, 
the optical characteristics and superhydrophobicity for 
self-cleaning property of the silicon grass surface. 

 
 
2. Materials and method 
 
The silicon substrates were polished (roughness 

value below 1nm), and soaked in the mixture of 98% 
H2SO4/ 30% H2O2 (volumetric ratio 3:1) for 30 min 
under boiling (with ultrasonic wave), and then rinsed 
with deionized water (18.2 MΩ cm-1) several times and 
dried with N2 stream. All chemicals (analytical grade) 
were supplied by Aldrich and used without further 
purification. Deionized and doubly distilled water was 
used throughout the experiments. 

Substrates were then etched on the Plasmalab 
Oxford 100 plus (ICP 180) system (Oxford Instrument 
Co., UK). In the RIE step, the gases were SF6 (20 sccm), 
CHF3 (10 sccm) and O2 (15sccm), the coil RF power was 
400 W, the Platen RF power was 0 W, and the chamber 
pressure was 50 mTorr.  This process causes the etching 
of a certain low grass on the substrate in randomly 
distributed sites. In the next step, the substrate with the 
randomly low grass is subjected to a deep reactive ion 
etching process (DRIE), which uses alternate cycles of 
etching and passivation. The etching step gases were SF6 
(20sccm) and O2 (15sccm), and the passivation step 
gases was C4F8 (30sccm).  The coil RF power was 
400W, the Platen RF power was 15W. And the 
etching/passivation active time was 5/4s.  

 

The chamber pressure was 20mtorr. The grass 
grown in the RIE step becomes morn higher in the DRIE 
step. 

SEM micrographs were taken with a JEOL 
FESEM6700F electron microscope with primary electron 
energy of 5 kV. A Shimadu 3600 UV-vis-NIR 
spectrophotometer with standard mirror optics was used 
to measure the specular reflectance in the 300-1500 nm 
range at the incidence angle of 8o. 

Water droplets of 3 µL were used for the contact 
angle (CA) measurements. All of the measurements were 
performed at room temperature using a drop shape 
analysis system. At least five measurements were 
averaged for all of the data reported here. Before 
measurement, the samples were cleaned using O2 plasma 
for 12 min. 

 
 
3. Result and discussion 
 
RIE grass occurs when an etch resistant material 

accumulates in small patches on the sample surface. 
These patches cause micro-etch-masking, which results 
in formation of cones. The basic mechanism of cone 
formation during plasma etching has been understood. 
Previous reports have identified the cause of RIE grass as 
sputter re-deposition of chamber materials, cathode 
materials and polymer formation. Under certain plasma 
conditions, carbon-fluorine polymers can form on silicon 
surface. The polymers can micro-etch mask the sample 
surface and produce RIE grass [27].  

In the process of RIE, the polymers act as masks 
(Fig. 1a), but they can also be etched by the reactive ions. 
In the beginning, the silicon grasses are formed by 
etching of reactive ions. During the etching, the size of 
the polymers decreases, leading to the formation of 
cone-shaped profiles. And the polymers will form 
randomly on the surface again, during the RIE process 
(Fig. 1b). This RIE process causes hardly growth of 
polymers on the “V”-shape profiles of the grooves. 
Therefore the RIE grass commonly has the appearance of 
a low aspect ratio (Fig. 1b). 

And in the next step, the substrate with the randomly 
distributed RIE grass is subjected to a deep reactive ion 
etching process (DRIE), which uses alternate cycles of 
etching and passivation. After DRIE process, this causes 
dramatic-looking, tall silicon spike-like structures with 
sharp tips, as shown in Fig. 1 C. Because of the DRIE 
process, these tips exhibit scalloping along their height, 
which gives them the corkscrew-like appearance. 
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Fig. 1. Schematic illustration of the process for 
preparing grass structures 

 
 
Fig. 2 shows the morphology of the grass on silicon 

substrate. The left side show that silicon grass was 
successfully fabricated using RIE process. And the right 
side is SEM of the grass on silicon fabricated by DRIE 
step. Fig. 2(A B) are top view SEM images of silicon grass. 
We can see that the silicon grass arrays on the substrate in 
randomly distributed sites. The silicon grass is 
characterized by high uniformity and the diameter of the 
grass was about from submicron to micron. The 
cross-sectional SEM image in Fig. 2(C) shows that the 
average height of silicon grass on silicon produced by RIE 
is about 600nm. These silicon grasses look like short, low 
aspect ratio (about 1.0) and the tapered profile. After 8 min 
of DRIE process time, this causes dramatic-looking, tall 
silicon spike like structures with sharp tips of about 50 nm 
diameter, as shown in Fig. 2(D). Because of the DRIE 
process, these tips exhibit scalloping along their height, 
which gives them the corkscrew-like appearance. 
Depending on the duration of DRIE, these grasses can be 
fabricated to heights in excess of 5 µm. The grasses on 
silicon with aspect ration as high as ~5.0 can be easily 
fabricated by the Bosch DRIE approach. In Fig. 2(E F), 
the SEM image of the angled view of the tapered grasses 
array fabricated in the large area is shown. Considering the 

fabrication process is composed of two step etching 
without costly and time-consuming patterning steps such 
as electron beam lithography or nanoimprint lithography, 
the tapered grass fabrication could be easily extended to 
wafer scale larger area. 

In an SF6 /O2 /CHF3 plasma of RIE process, there is a 
constant competition between the fluorine radicals that 
etch and the oxygen radicals that passivate the silicon[28]. 
At a certain oxygen content there is such a balance 
between the etching and the passivation that a grass on 
substrate surface (Fig. 2 lift side）. At the same moment 
native sputtering, polymer, etc. will act as micromasks and 
grass will appear because of the directional etching. These 
grasses consist of a silicon body with a thin passivating 
silicon oxyfluoride skin，as shown in Fig.1 B.  

 
 

 

 
Fig. 2. Scanning electron microscopy micrographs 
depicting the grass. Left: (A, C and E) show top view, 
cross-sectional view and tilt view SEM of low aspect 
ratio prepared by RIE process (The etching duration is 
30 min) . Right:(B, D and F) show top view, 
cross-sectional view and tilt view SEM of high aspect 
ratio  prepared  by DRIE process (total etch time of 8  
             min for the 30min RIE sample. 
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In the SF6 /O2 /C4F8 plasma of DRIE process, the real 

profile of the sidewall is not vertical, is scalloped, and the 
bottom of the trench is bowl-shaped due to the cyclic 
nature of the Bosch process[29]. Fig. 3A shows the 
measured reflectance spectra of the silicon grass etched 
using the RIE with different durations and DRIE process. 
The specular reflectance was evaluated on a spectrometer 
attached to standard mirror reflection optics at an 
incidence angle of 8°. For comparison, the reflectance 
spectrum of the Si substrate is also shown. The flat silicon 
wafer exhibited more than 35% reflectance in the range 
300–1500 nm due to the high refractive index in the 
visible and infrared region (the magenta right triangle in 
Fig. 3(A)). The reflectance at wavelengths below 400 nm 
was abruptly changed because the Si has a quite high 
refractive index around λ = 370 nm. For RIE etched 
structures, the reflectance was considerably reduced over a 
wide wavelength range of 300–1500 nm compared to the 
bare Si. The silicon grass etched 10min by RIE exhibited 
relatively high reflectance values of >25% at wavelengths 
of 300-1500 nm (the black solid square in Fig. 3(A)). After 
Silicon etching 20 min using RIE, the grass on silicon 
substrate indicated the reflectance spectrum more than 
10% at wavelength of 300-1500nm. 

For the sample with 30 min RIE, low reflectivity of 
10 % is also obtained in part of the measured wave band. 
Currently, we found from the measurement that the 
antireflection properties cannot be improved by further 
prolonging the RIE run beyond 30 min. 

Because it is well-known that achieving a high aspect 
ratio tapered shape offers a better suppression of reflection. 
However, the aspect ratio cannot be increased by further 
extending the RIE etching duration, which means that the 
optimal etching duration is 30min in the first RIE step. 
The red circle in Fig. 3A shows the measured reflection 
from 30min RIE sample then etched by DRIE step. The 
sample exhibits much lower reflection (<1%) over the 
whole spectrum, indicating broadband antireflection. In 
400-1500nm wavelength range, the smallest reflectance is 
achieved on the grass with the high aspect ratio and the 
average reflectance is <0.5% (Fig. 3B). The surface of the 
Si substrate with fabricated grass in square pieces of Fig. 
3C seems black due to the low reflectance while the bare 
silicon wafer reflects the image of the finger that took this 
picture due to the high reflectance. The square pieces 
silicon substrate was completely filled with random grass, 
similar to those in Fig. 3D. 

 
 
Fig. 3. (A) measured reflectance spectra of Si random 
grass etched by RIE at different duration and DRIE. (B) 
measured reflectance spectra of Si random grass etched 
by 30 min RIE and then 8min DRIE. Note the green 
arrow. (C) Si substrate with fabricated grass (square 
piece) is compared to bare Si substrate (wafer). Due to 
the low reflectance of the grass structure, sample 
(square piece) seems completely black, while the highly 
reflective bare Si substrate (wafer) reflects the image of 
the figure  that took this picture.(D) SEM image of the  
    grass on the square piece, note the black arrow. 
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The silicon grass arrays with high aspect ratio could 
also significantly enhance the hydrophobicity of the 
substrate surface due to the high fraction of air trapped in 
the trough area between grasses. Figure 4 exhibits the 
water wetting behavior of the silicon grass surfaces. 
Figure 4 A, B and C show water drop profiles on silicon 
grass surfaces within 0s, 1min and 2min, respectively. 
And the measured apparent water contact angle reached 
close to ca. 180o. Fig. 4D shows the sliding (indicated by 
purple arrow tip) and stationary (indicated by yellow 
arrow tip) water drop profile on silicon grass surface 
respectively. The area below the line indicated by the 
white line, which is the borderline between the 
nanostructured and the unstructured part of the Si wafer 
surface, possess good water-repellent properties, and the 
water drop can easily slide with no residual water when it 
has an initial velocity on the surface.  

We can use the Cassie-Baxter equation[30]: 
cosθc=fscosθs-fa, to interpret the evolution of contact 
angles, in which θs is the contact angle on planar silicon 
substrate, θc is the contact angle on the silicon grass 
surfaces, fs and fa are the fractions of silicon and air in 
contact with liquid, respectively (i.e., fs + fa = 1). The fa 
fraction of air trapped in the trough area between arrays 
was close to 1(Figure2 D), therefore the contact angle of 
the sample approached 180o. 

 

 
Fig. 4 (A, B and C) Still images from video contact 
angle measurements for a water droplet (3µL) can not 
adhere on the grass surfaces, (D) Optical image of 
water droplets of different sizes and a sliding water 
droplet  (indicated by purple arrow tip)  on the grass  
  structure surface, exhibiting superhydrophobicity. 

 
 

4. Conclusion 
 
We have demonstrated a two-step dry etching 

method to synthesize random cone-shaped grass 
structures on silicon surface. In the first step, the low 
aspect ratio grass structure was prepared by RIE process, 
and then the grass structure was extended to high aspect 
ratio grass by DRIE process. The high aspect ratio grass 
structures show a low reflectance of about 0.5% over a 

broad wavelength range of 300–1500 nm. At the same 
time, the silicon grass surface shows high-quality 
superhydrophobicity properties. And the contact angle of 
the grass surface approached 180o. The fabrication 
process of these grasses uses standard silicon fabrication 
methods and is conducive for integration with 
batch-fabricated silicon devices. 
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