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Design and fabrication of broadband ultralow reflectivity
black Si surfaces by laser micro/nanoprocessing

Jing Yang1,2,3,*, Fangfang Luo1,*, Tsung Sheng Kao1, Xiong Li4, Ghim Wei Ho1, Jinghua Teng2, Xiangang Luo4

and Minghui Hong1

Light collection efficiency is an important factor that affects the performance of many optical and optoelectronic devices. In these

devices, the high reflectivity of interfaces can hinder efficient light collection. To minimize unwanted reflection, anti-reflection

surfaces can be fabricated by micro/nanopatterning. In this paper, we investigate the fabrication of broadband anti-reflection Si

surfaces by laser micro/nanoprocessing. Laser direct writing is applied to create microstructures on Si surfaces that reduce light

reflection by light trapping. In addition, laser interference lithography and metal assisted chemical etching are adopted to fabricate the

Si nanowire arrays. The anti-reflection performance is greatly improved by the high aspect ratio subwavelength structures, which create

gradients of refractive index from the ambient air to the substrate. Furthermore, by decoration of the Si nanowires with metallic

nanoparticles, surface plasmon resonance can be used to further control the broadband reflections, reducing the reflection to below

1.0% across from 300 to 1200 nm. An average reflection of 0.8% is achieved.
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INTRODUCTION

Natural optical systems, such as the eyes of various animals, are

capable of visualizing a wide spectrum of colors. Nature can serve

as an inspiration to scientists attempting to design better optical

systems, leading to the development of biomimetic systems.1 Bio-

mimetic anti-reflection systems are one example of this approach.

The surface of a moth’s eye has unique subwavelength structures

that can dramatically reduce light reflection, helping the moth to

improve light collection in the dark and avoid predators in the

light. Various optical devices are designed in similar ways to

enhance anti-reflection performance. When light, i.e., intrinsically

electromagnetic waves, enters a different media, it is partially

reflected due to refractive index (RI) mismatching. In various

optical and optoelectronic devices, including flat panel displays,

photovoltaic devices and optical detectors,1–11 reflections at inter-

faces can greatly impact performance. To minimize unwanted

reflections and improve the light collection efficiency, different

types of anti-reflection surfaces have been investigated.1–3,5,8,12–16

Si is one of the most important materials in optical and optoelec-

tronic devices.14 Light absorption by Si occurs below ,1100 nm, cor-

responding to the single crystalline Si energy band gap. However,

between 300 and 1200 nm, the light collection efficiency of a Si surface

is not sufficiently high for many applications due to the relatively high

reflectivity at the air/Si interface caused by the large RI of Si.14,15,17

Thus, anti-reflection black Si surfaces are of widespread interests.

Recent advances in surface micro/nanofabrication and thin film

deposition have provided versatile approaches for decorating Si sur-

faces with engineered structures that can reduce optical reflections.

For example, deposit of a single layer thin film with specially designed

RI and thickness on a Si substrate can serve as an anti-reflection

coating.1,18 According to the Fresnel equation, the RI of the film is

at normal incidence, while the thickness is an odd multiple of l/4,

where l is the wavelength of the incident light and nair and ns are the RI

of the air and Si substrate, respectively.1 The reflection is minimized by

the destructive interference between the reflected waves at the inter-

faces. Furthermore, multilayer thin film coatings are used to broaden

the wavelength range for anti-reflection. With the appropriate design

of the thickness and RI in each layer, sufficiently high anti-reflection

performance can be achieved for broadband applications.

However, there are several limitations, including the small working

angle and the mismatch in thermal properties of different materials

that restrict the use of this method for certain applications. Textured Si

surface, on the other hand, bypasses these limitations and provides

better omnidirectional and broadband anti-reflection.2,13–15,17–21

Textured Si surfaces with engineered micro/nanostructures can

greatly enhance the light trapping effect, increasing the optical absorp-

tion and thereby reducing the surface reflection. The anti-reflection

performance can be further improved by the use of subwavelength

structures that form RI gradients. The effective RI depends on the

volume fraction of Si and air for compensating the RI mismatch at
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the interface.22,23 There are several processing methods available for

modifying the Si surface morphology.1,5,7,13–15,17,19,24,25 For example,

etching methods, including chemical, electrochemical and dry etch-

ing, have been widely employed.26,27 Dynamic etching of porous Si

surfaces to a thickness of 100 nm has been demonstrated by Striemer

and Fauchet,27 who achieved an average reflection of 3.7% across the

terrestrial solar spectrum. Laser ablation provides another dry proces-

sing route for fabricating anti-reflection Si surfaces.14,15,17,19 Black Si

surfaces fabricated by short pulse lasers were studied by Mazur et al.17

Conical shape surfaces structures can be created by laser processing. A

recent review summarized this work and its application in photovol-

taic cells.28 Black Si surfaces directly fabricated by femtosecond laser

irradiation were also demonstrated by Vorobyev and Guo.15 In their

report, the reflection of the black surface was below 5% over the visible

spectrum. Subwavelength structures especially silicon nanowires

(SiNWs) are also widely studied to achieve high light absorption in

the visible and NIR range.26,29,30 Kumar et al.29 fabricated SiNW arrays

and applied them to solar cells. The maximum reflection of their black

Si surface was approximately 4% between 300 and 1000 nm. However,

the reflection increased to more than 10% at longer wavelength range.

Subwavelength structures, e.g., hybrid moth-eye structures23 and ZnO

coated Si nanocones,18 have been numerically simulated to exhibit

ultralow reflection. The theoretical solution for a graded index anti-

reflection design has been studied in detail by Kim and Park.22 They

demonstrated ultrathin anti-reflection metamaterials and provided a

design guideline for perfect broadband anti-reflection. Ding et al.31

demonstrated perfect broadband anti-reflection on Si in the terahertz

range by impedance matching by way of deep subwavelength ultrathin

lamellar metallic gratings.

Another method worth mentioning for anti-reflection is the use of

surface plasmon resonance (SPR) supported by metallic nanoparticles

(NPs). With electromagnetic wave excitation, metallic NPs can be

used as anti-reflection surfaces because they excite localized SPR that

increases the optical absorption by light trapping.2–5,13,32 The localized

electromagnetic field around the metallic NPs can be significantly

enhanced at their resonant frequencies.33 In addition, the light scatter-

ing properties become dominant for larger NPs. Both of these effects

contribute to the anti-reflection performance. Generally, Au and Ag

NPs are used for SPR excitation in the visible range. To reduce the

material cost, other metallic NPs, such as Al and Cu, have been inves-

tigated. However, these materials are more suitable for applications in

the ultraviolet (UV) and infrared (IR) ranges given their SPR frequen-

cies.4,32 To reduce optical reflection over broadband, alloy NPs, such

as Ag–Au NPs, have been applied.5,13 Recently, Al and Ag NPs and

their nanoshells were applied in Si solar cells by Gu et al.2–4 The

emergence of metallic NPs in addition to conventional anti-reflection

surfaces can further improve the overall anti-reflection performance

to increase the efficiency of optoelectronic devices.

In this article, we report our recent research on broadband ultralow

reflectivity black Si surfaces fabricated by laser micro/nanoprocessing.

Our laser processing method is able to create surface patterns over a

large area in a short time, providing a cost effective solution for fab-

ricating broadband anti-reflection surfaces.34 We demonstrate high

anti-reflection performance for our laser textured Si surfaces with

micro/nanostructures. We also describe how the performance can

be enhanced by the addition of metallic NPs that reduce optical

reflection on flat Si surfaces. Finally, we integrate the laser micro/

nanoprocessing and metallic NPs decoration method to realize broad-

band anti-reflection on Si surfaces. We achieve a reflection of less than

1.0% from 300 to 1200 nm.

ANTI-REFLECTION PERFORMANCE OF SI SURFACES BY

LASER MICROPROCESSING

Roughened surfaces can reduce the optical reflection by light trapping.

In this section, Si surfaces textured by laser-based methods are

introduced. The conventional anti-reflection surface fabricated by

KOH wet etching is indicated in Figure 1a as a reference.13 To fabricate

micropyramid structures on the Si surfaces, the n-type Si (100) sub-

strates were first etched by HF (4%) to remove the oxide layer. The

wafers were then immersed in a solution of KOH (6 wt%) and iso-

propyl alcohol (20%) at 70 6C for 30 min. The resulting micropyra-

mids were 5–15 mm wide and approximately 2–8 mm tall. The aspect

ratio (height/width) of the microstructures was ,1 : 2. Figure 1b illus-

trates the experimental reflection spectra of a flat Si surface and a Si

surface etched by KOH. The average reflection of the Si surface was

reduced from 37.8% to 13.1% at 300–1200 nm by KOH etching. The

maximum reflection was reduced from 56.6% to 33.1% at 300 nm.

In contrast to the flat Si surface, the etched Si surface had numerous

micropyramids, which redirected the incident light inside the Si

substrate. For these surfaces, the incident light bounces from one

micropyramid to another. This multiinternal reflection process can

greatly increase the optical length of the incident light. Therefore, the

opportunity for light absorption by the Si substrate is greatly

enhanced.

Though the KOH-etched surfaces reduce reflections at the interface,

the KOH wet etching cannot provide surface structures with high
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Figure 1 (a) SEM image of KOH etched Si surface and (b) measured reflection spectra of flat and KOH etched Si surfaces. SEM, scanning electron microscopy.
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enough aspect ratios, which limits the anti-reflection performance.

Laser direct writing provides another method to texture Si surfaces

with higher aspect ratio microstructures to enhance light trapping. A

fiber laser ablation system was used to fabricate black Si (Figure 2a).

The laser wavelength was 1064 nm, the pulse duration (full width at

half maximum) was 1 ns and the laser spot size was ,20 mm. This

method was able to create microstructures on the Si substrates over a

large area of 10310 cm2 in only a couple of minutes, as shown in

Figure 2b and 2c. Compared to the KOH wet etching, the laser ablation

created surface structures with higher aspect ratios, which is a key

factor for better light trapping. Figure 2d shows the surface profile

of the laser textured Si surface. The height of the surface structures

exceeded 15 mm, with width at ,10 mm and an aspect ratio of ,3 : 2.

To optimize the anti-reflection performance, the different processing

parameters for the laser ablation, including the power, pulse repetition

rate (PRR), scanning pitch and scanning speed, were tuned. Hybrid

Laser patterning, which produces different scanning patterns along

different directions, was adopted for surface texturing. The patterns

were generated by laser scanning along the horizontal, vertical, 1456

and 2456directions.

Figure 3a shows the experimental reflection spectra of the laser

textured Si surfaces at different laser powers. Hybrid laser patterning

was adopted in the experiment. As the power increased from 2.3 to

4.2 W, the reflection decreased for wavelengths ranging from 300 to

1200 nm because at a higher laser power, more intense ablation leads

to the removal of more substrate material. Thus, the roughness of the

Si surface increases as does the aspect ratio, resulting in less optical

reflection. Figure 3b illustrates the reflection spectra of the textured Si

surfaces at different scanning pitches. To properly study the influence

of the scanning pitch, laser patterning was carried out only along the

horizontal direction. It was observed that a smaller pitch led to a lower

reflection. For a smaller pitch, the density of the microstructures and

the surface area are greater, resulting in more opportunities for light

trapping and absorption. The effects of the PRR and scanning speed

were also studied, as shown in Figure 3c and 3d. Generally speaking, a

lower scanning speed and a higher PRR result in better anti-reflection

performance. The Dl is defined as the center to center distance of two

spots ablated by neighboring pulses. It is given by Dl~ v
PRR

, where v is

the scanning speed. Either a decrease in laser scanning speed or an

increase in PRR will result in a smaller Dl. With the same laser power

and spot size, the ablation area of each pulse is the same. Therefore, a

smaller Dl increases the overlap during the laser ablation. Thus, the

roughness of the Si surface increases, reducing the optical reflection. In

our experiment, broadband surface reflections below 14.3% were

achieved by fiber laser ablation at 4.2 W, with a 100 mm s21 scanning

speed, 100 kHz PRR and 25 mm scanning pitch. In this case, the aver-

age reflection was 7.4%. We were also able to fabricate microstructures

on 4-inch ultrathin Si substrates by laser ablation. At a thickness of

100 mm, the black Si can be easily bent. These flexible substrates can be

more easily integrated with other optical devices to reduce the surface
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Figure 2 (a) Schematic of fiber laser ablation for black Si surface fabrication, (b) image of the textured black Si surface, its (c) SEM image and (d) 3D surface profile.

3D, three-dimensional; SEM, scanning electron microscopy.
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reflection and increase the light collection efficiency. Similarly, a fem-

tosecond laser can be used to fabricate black Si surfaces. It can create

smaller surface structures with shorter pulse durations and reduced

thermal effect. The increase in the surface aspect ratio of these struc-

tures leads to better anti-reflection performance.14,15,17

ANTI-REFLECTION PERFORMANCE OF SI SURFACES BY

LASER NANOPROCESSING

The textured surface structures produced by laser ablation are on the

micron-scale. The size and aspect ratio of the surface structures are

limited by the laser processing parameters. Our theoretical simula-

tions show that with much higher aspect ratios, surface nanostructures

can provide a better solution for broadband anti-reflection.18,23

Laser interference lithography (experimental set-up is shown in

Figure 4a) and metal assisted chemical etching were adopted to make

three-dimensional (3D) SiNWs with high aspect ratios of up to 30 : 1

over an area of 131 cm2, as illustrated in Figure 4b. To fabricate the

SiNW arrays, a positive photoresist S1805 was spin-coated on a flat Si

substrate. The substrate was then baked at 90 6C for 15 min. The

photoresist was exposed twice by laser interference lithography with

a 906rotation of the sample between the two rounds of exposure. After

photoresist development, a layer of Ag (,30 nm thick) was deposited

by e-beam evaporation (EB03, BOC Edwards). The substrate was then

chemically etched in a solution of H2O2 (0.44 M), HF (4.6 M) and

H2O. The etching time was adjusted from 1 to 20 min to make SiNWs

with heights ranging from 1 to 30 mm. The Ag film was then removed

by nitric acid.

Figure 5a–5c shows scanning electron microscopy (SEM) images of

SiNWs of different heights. The period of the SiNWs was ,720 nm

and the diameter was ,300 nm. The SiNWs maintained good peri-

odicity at heights from 1 to 9 mm. At a height of ,30 mm, the mech-

anical strength of the nanostructure could no longer support the

nanowires. Several adjacent SiNWs were observed to lean together

to form SiNW clusters, resulting in a loss of periodicity. Figure 5d

shows the measured spectra for SiNWs of different heights. The

reflection from the 1-mm SiNWs was approximately 10% at wave-

lengths ranging from 300 to 1000 nm. A sharp increase in the

reflection of up to 32.0% was observed between 1000 and 1200 nm.

The 1-mm SiNWs exhibited lower reflectivity (average reflection of

11.8% and broadband reflection below 32.0%) than the flat Si.

However, compared to the laser ablation textured black Si, the anti-

reflection performance was not improved. There are a few explana-

tions for this result. First, the low aspect ratio (,3 : 1) can limit the

light trapping. The light absorption by the Si surface is weak, especially

at 1000–1200 nm, which is close to the single crystalline Si band gap of

1100 nm. Thus, some of the light goes into the Si substrate and is

reflected back from the back side. The flat surfaces at the sidewalls,

top and bottom surfaces of the SiNWs also limit the light trapping.
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Figure 5b shows that the surface profile at the top side of the 1-mm

SiNWs is nearly identical to the original flat Si. It is much smoother

than that of SiNWs at other heights due to the short etching time of 1

min. Though the top area of a single SiNW is small, the overall top area

is large considering the high SiNW density. The flat tops of the SiNWs

contribute to the high reflection of the surface.

As the SiNW height increases to 6 and 9 mm, the surface reflection

decreases for 300 to 1200 nm light. The subwavelength SiNWs can be

treated as an intermediate layer with an effective RI. The effective RI

can be calculated by the volume fractions of Si and air. It can com-

pensate for RI mismatching at Si/air interface, thus reducing the

reflection at the Si/air interface. Meanwhile, the ultrahigh aspect ratio

provides more opportunities for light trapping among the Si struc-

tures. The enlarged vertical dimension is more likely to trap the inci-

dent light by internal reflection. Moreover, compared to the 1 mm

SiNWs, the top surfaces of the 6- and 9-mm-tall SiNW are rougher

due to the longer etching time. Such rough surfaces also help to reduce

the reflection. Therefore, at a height of 6 mm the broadband reflection

from the SiNWs can be reduced to below 5.0%, achieving an average

reflection of 2.4%. Furthermore, at a height of 9 mm the average

reflection from the SiNWs is reduced to 1.1% with a broadband

reflection below 2.2%. The maximum reflection at 2.2% is located at

1200 nm. The relatively high reflection in the infrared range is caused

by the back side surface reflection of the Si substrate. When the height

of the SiNWs is further increased to ,30 mm, SiNW clusters are gen-

erated. The light trapping effects are weakened due to the lower effec-

tive surface aspect ratio, leading to reduced light absorption. The

overall anti-reflection performance (average reflection at 3.9% and

broadband reflection below 4.5%) is weakened compared to SiNWs

that are 6- and 9-mm tall.

ANTI-REFLECTION PERFORMANCE OF HYBRID ANTI-

REFLECTION SURFACES

In addition to the surface texturing, SPR excitation is also considered

to be an effective method for anti-reflection. Metallic NPs exhibit

localized surface plasmon resonance (LSPR). The local field enhance-

ment caused by LSPR can greatly influence the light absorption and

scattering. Our previous study showed that both monometallic (Ag,

Au) and bimetallic (Ag–Au) NPs significantly improve the anti-

reflection performance.5 Monometallic NPs can dramatically reduce

the reflection in the visible range, while bimetallic NPs can enhance the

anti-reflection performance over a wider spectrum. The improved

broadband anti-reflection induced by bimetallic NPs is attributed to

their multiple surface plasmon resonances. The broader size and shape

distribution of bimetallic NPs leads to a broader SPR band for the

antireflection. Meanwhile, the bimetallic NPs can roughen the surface

morphology. A rougher surface will increase the light scattering and

absorption. Therefore, bimetallic NPs exhibit much better broadband

anti-reflection than monometallic NPs.

Textured Si surfaces and metallic NPs can reduce the reflection by

different mechanisms. These two methods can also be combined

together to fabricate hybrid surfaces with improved broadband anti-

reflection performance.13 To investigate the anti-reflection effect of

metallic NPs, Ag, Ag–Au bimetallic and Cu–Ag–Au trimetallic NPs

were decorated on Si surfaces by thermal annealing. Metallic thin films

were first deposited on the Si surfaces by an e-beam evaporator.

Thermal annealing at 200 6C (for Ag thin film) for 30 min or 500 6C

(for Ag–Au and Cu–Ag–Au films) for 30 min was then carried out to

decorate the Si surface with the metallic NPs.

Figure 6a shows an SEM image of a KOH-etched Si surface with

Ag NPs decoration. The experimental reflection spectra for the
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KOH-etched Si surfaces with and without Ag NPs are shown in

Figure 6b. A dramatic suppression of the optical reflection was

observed at wavelengths ranging from 300 to 400 nm. The Ag NPs

created by thermal annealing of the 10 and 20 nm Ag thin films had

similar suppression behaviors in terms of on the reflection spectra. The

Ag NPs serve as an anti-reflection layer on the Si surface. The coupling

of Ag NPs and the incident light is enhanced at their resonance wave-

length of ,400 nm. Meanwhile, the textured Si surfaces extend the

light propagation length as it travels among the micropyramids. This

increases the chances of light absorption by the Ag NPs and the Si

surfaces. The average reflection of the KOH-etched Si surface with Ag

NPs (Ag 20) decoration was reduced to 9.2% at wavelengths ranging

from 300 to 1200 nm. The maximum reflection of 16.9% occurred at

321 nm. Thus, the broadband reflection was below 16.9%.

Compared to the KOH-etched Si surface with Ag NPs decoration,

the laser-textured black Si with alloy NPs decoration exhibited better
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broadband anti-reflection performance.13 Figure 6c shows an SEM

image of the fiber laser-textured Si surface with Ag–Au bimetallic

NPs decoration. The experimental reflection spectra of the fiber

laser-textured Si surfaces with different alloy NPs decorations are illu-

strated in Figure 6d. The average reflection of the laser-textured Si

surfaces was 8.3% at wavelengths ranging from 300 to 1200 nm, while

the average reflection for the surfaces with Ag–Au and Cu–Ag–Au NPs

decoration was reduced to 6.9% and 5.5%, respectively. It was

observed that with Ag–Au bimetallic NPs decoration, the optical

reflection at 300–500 nm decreased greatly due to the excitation of

the LSPR. Meanwhile, the light scattering from the NPs-decorated Si

surface also contributed to the anti-reflection performance. Compared

to the Ag–Au bimetallic NPs decoration, the Cu–Ag–Au trimetallic

NPs decoration more significantly suppressed the reflection, especially

in the near Infrared range. This was due to the LSPR wavelength of the

Cu NPs, which is also in the near infrared range. Thus, the trimetallic

NPs decoration resulted in better broadband anti-reflection perform-

ance. The maximum reflection at 9.2% occurred at 1200 nm. Thus, a

broadband reflection below 9.2% was achieved at 300–1200 nm.

To further improve the anti-reflection performance, a hybrid struc-

ture integrating SiNW arrays and metallic NPs was fabricated.

Figure 6e shows the 9-mm SiNWs decorated with Ag NPs. The experi-

mental reflection spectra of the SiNWs with and without NPs decora-

tion are shown in Figure 6f. The SiNWs exhibited a higher aspect ratio

of 30 : 1, which provided a larger surface area for Ag NPs decoration.

The increase in the density of Ag NPs contributed to the intensive

coupling between the light and the NPs, which minimized the surface

reflection. A drop in the reflection was observed at 400–500 nm. The

decrease in reflection was mainly due to the enhanced light absorption

by Ag NPs at their resonant frencies. Furthermore, in the near infrared

range, the SiNWs with Ag NPs decorations exhibited better anti-

reflection performance. Specifically, a significant suppression of

reflection from 1000 to 1200 nm was observed. This was due to a

reduction in the reflection from the backside Si surface. With greater

light scattering by the Ag NPs, especially for the NPs-decorated at the

sidewalls, and the top and bottom of the SiNWs, the opportunity for

light scattering within the hybrid nanostructures increased. The inci-

dent and the backreflected light were thus more likely to be trapped

inside the nanostructures, reducing the overall reflection. Meanwhile,

the Ag NPs on the top of the SiNWs provided a rough surface that also

reduced the surface reflection. As a result, the SiNWs with Ag NPs

decoration flattened the reflection spectrum, providing a reflection

below 1.0% from 300 to 1200 nm. The maximum reflection at 1.0%

occurred at 572 nm. An average reflection of 0.8% was achieved.

Table 1 shows the anti-reflection performance of black Si surfaces

fabricated by various processing methods. Significant suppression in

the reflection spectra from 300 to 1200 nm can be observed using laser

micro/nanoprocessing methods. The 9-mm-tall SiNWs decorated with

Ag NPs exhibited the best broadband anti-reflection performance.

CONCLUSIONS

The last few decades have witnessed rapid progress in the design and

fabrication of black Si surfaces. Realization of anti-reflection Si surfaces

based on laser micro/nanoprocessing has enabled us to create surface

patterns over large areas in a short time, providing a cost effective

solution for broadband anti-reflection. We investigated textured Si sur-

faces with micro/nanostructures. Well-ordered SiNWs with high aspect

ratios improved anti-reflection performance in the UV–visible–NIR

range. Decoration of the Si with metallic NPs also reduced the surface

reflection. Textured Si and metallic NPs have different mechanisms for

reducing the optical reflection. We combined these two methods to

fabricate hybrid surfaces that further improved the broadband anti-

reflection. The SiNWs decorated with Ag NPs exhibited broadband

ultralow reflection. Our black Si surfaces achieved reflections less than

1.0% over a wavelength range from 300 to 1200 nm. SiNW-based rough

Si surfaces fabricated by conventional solar cell fabrication protocol,35

including surface passivation and back surface field forming,29,30 have

been developed for solar cell integration. Similar approaches can be

applied to our black Si surfaces for photovoltaic applications. Effective

integration of these anti-reflection surfaces into current devices will

improve light collection efficacy. This will have important implications

for future optoelectronic devices.
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