
applied  
sciences

Article

Quality Improvement of Laser-Induced Periodic Ripple
Structures on Silicon Using a Bismuth-Indium Alloy Film

Yao Chen, Yao Shan, Huatian Tu, Haotian Zhang, Rong He, Yuxiang Zheng *, Rongjun Zhang, Songyou Wang,
Jing Li and Liangyao Chen

����������
�������

Citation: Chen, Y.; Shan, Y.; Tu, H.;

Zhang, H.; He, R.; Zheng, Y.; Zhang,

R.; Wang, S.; Li, J.; Chen, L. Quality

Improvement of Laser-Induced

Periodic Ripple Structures on Silicon

Using a Bismuth-Indium Alloy Film.

Appl. Sci. 2021, 11, 632. https://

doi.org/10.3390/app11020632

Received: 14 December 2020

Accepted: 8 January 2021

Published: 11 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Optical Science and Engineering, Key Laboratory of Micro and Nano Photonic Structures,
Ministry of Education, Shanghai Engineering Research Center of Ultra-Precision Optical Manufacturing,
Fudan University, Shanghai 200433, China; 18210720008@fudan.edu.cn (Y.C.); shanyao1754@163.com (Y.S.);
16110720002@fudan.edu.cn (H.T.); changzht@gmail.com (H.Z.); 18110720026@fudan.edu.cn (R.H.);
rjzhang@fudan.edu.cn (R.Z.); sywang@fudan.ac.cn (S.W.); lijing@fudan.ac.cn (J.L.); lychen@fudan.ac.cn (L.C.)
* Correspondence: yxzheng@fudan.edu.cn

Abstract: In this work, a new buffer layer material, a bismuth-indium (Bi-In) alloy, was utilized to
improve the quality of large-area, laser-induced periodic ripple structures on silicon. Better-defined
ripple structures and larger modification areas were obtained at different scanning speeds by pre-
depositing a Bi-In film. The single-spot investigations indicated that ripple structures were much
easier to form on silicon coated with the Bi-In film under laser fluences of 2.04 and 2.55 J/cm2 at
a fixed pulse number of 200 in comparison with on bare silicon. A physical model in terms of the
excellent thermal conductivity contributed by the free electrons in the Bi-In film homogenizing the
thermal distribution caused by the laser irradiation in the early stage of the formation of laser-induced
periodic surface structures was proposed to explain the above phenomena. The results show that the
Bi-In film enabled a wider range of laser fluences to generate periodic structures and helped to form
regular ripple structures on the silicon. In addition, the modulation effects of the laser fluence and
pulse number on surface structures were studied experimentally and are discussed in detail.

Keywords: laser-induced periodic ripple structures; Bi-In film; femtosecond laser; nanoripples

1. Introduction

Since Birnbaum obtained surface periodic structures by using pulsed laser irradiation
on a semiconductor surface in 1960 [1], laser-induced periodic surface structures (LIPSSs)
have been studied extensively due to their simple and fast fabrication process compared
with conventional lithography technology. Meanwhile, LIPSSs can be observed on almost
all classes of materials when irradiated near their ablation threshold [2,3]. Recently, con-
siderable research works have focused on tuning the surface structures by changing the
parameters, such as laser fluence (F) [4,5], laser pulse number (N) [6], polarization [7,8],
and processing environment [9,10]. Formation mechanisms of LIPSSs have been proposed,
including a radiation residual model [11], self-organization [12], and surface defects [13].
The interference between the laser radiation and the surface plasmon polariton (SPP) wave
is widely accepted as the dominant mechanism for the ripple formation on metals and
semiconductors [14–17].

Silicon wafers with patterned surface structures have important applications in many
fields [18–21]. In the past few decades, numerous investigations and promising results
of LIPSSs on silicon have been made. However, the fabrication of large-area LIPSSs with
uniformity remains a bottleneck. Therefore, nonlinear feedback mechanisms [22] and a pol-
ishing technique [23] were proposed to improve the quality of surface nanostructures over
a large area. Depositing gold film as a buffer layer is another promising method, as shown
be Feng et al., who obtained large-area uniform structures on silicon [24]. Materials assisted
by gold films were subsequently investigated, such as indium-tin-oxide(ITO)films [25],
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sapphire [26], and aluminum [27]. However, present studies on different buffer layers
are still limited. Liquid metals are referred to as metals and alloys with melting points
below 330 ◦C [28], including post-transition and zinc group metals, such as indium (In),
bismuth (Bi), and tin (Sn). These metal alloys with different morphologies and properties
offer extraordinary capabilities regarding the synthesis of new materials [29]. Bi-In alloys
are regarded as outstanding liquid metals and ideal buffer materials that can decrease
the energy of peeling off the surface film. Compared with gold, Bi-In alloys can reduce
processing costs. In addition, Bi-In alloys are convenient for fabricating flexible components
and have high potential in industrial production and applications due to the splendid
stretchability of liquid metals. Therefore, Bi-In alloys are superior substitutes for gold.

In this work, we employed a pre-deposited Bi-In film to improve the quality of laser-
induced ripple structures on silicon. The experimental results proved the validity of the
buffer layer for improving the quality of LIPSSs. A physical model in terms of the high
thermal conductivity contributed by the free electrons in the metal film that homogenize
the thermal distribution caused by laser irradiation in the early stage of the formation of
LIPSSs was proposed for theoretical analysis. Moreover, the effects of the laser fluence on
the period and the laser pulse number on the depth were revealed experimentally.

2. Experimental Details

Figure 1 shows a diagram of the laser irradiation system. The sapphire pulse laser
had a central wavelength of 800 nm, a repetition rate of 1 kHz, and a pulse length of 120 fs.
The duration of the laser was controlled using an electronic shutter. A neutral-density
filter in the light path was utilized to adjust the laser radiation energy. The laser beam was
focused on a circular spot with a diameter of ≈5 µm and perpendicular to the sample’s
surface. The samples were placed on a precise XY translation stage. The range of the
pulse energies used in this experiment was set from 20 to 50 nJ, corresponding to laser
fluences from 1.02 to 2.55 J/cm2. All the laser ablation experiments were performed in
an air environment under normal incidence. A crystal <100> n-type silicon wafer was
selected as the semiconductor material for the laser-induced experiment for the reason that
n-type crystalline silicon with patterned surface structures used in crystalline silicon solar
cells show higher bulk quality and greater stability [30,31]. A Bi-In film with a thickness
of 195 nm was deposited on silicon using electron beam evaporation (EBE). After laser
ablation, the irradiated regions were characterized by scanning electron microscopy (SEM)
and atomic force microscopy (AFM).

Figure 1. Schematic diagram of the experimental setup for the generation of laser-induced periodic
surface structures (LIPSSs). CCD: charge-coupled device.
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3. Results and Discussions
3.1. Single-Spot Investigations on Silicon and BiIn-Si

Generally, a single-spot investigation is required to obtain a detailed analysis of the
effect of laser fluence on the formation process before the line-like or area-like generation
of LIPSSs. Consequently, bare silicon and silicon coated with a Bi-In film (BiIn-Si) were
irradiated with different laser fluences. Figure 2 shows the SEM images of the LIPSSs
on bare silicon and BiIn-Si under laser fluences varying from 1.02 to 2.55 J/cm2 with a
fixed laser pulse number N = 200. At the laser fluence of 1.02 J/cm2 (Figure 2a), surface
modification occurred and the obtained structures were not well-defined grating structures.
However, when irradiated with higher laser fluences (Figure 2b–d), the bare silicon surfaces
were damaged due to the excessive energy. For silicon with a pre-deposited Bi-In film, as
shown in Figure 2e, the alloy film on the silicon was removed with only a laser fluence
of 1.02 J/cm2. When the laser fluence F = 1.53 J/cm2, ablation appeared on the silicon
surface (Figure 2f). Grating structures started to be generated on the silicon surface at the
laser fluence of 2.04 J/cm2 (Figure 2g). Better-defined ripple structures with an orientation
perpendicular to the laser beam polarization were generated as the laser fluence was further
increased to 2.55 J/cm2 (Figure 2h). As shown in Figure 2, high-quality periodic ripple
structures were hard to generate on bare silicon when the laser energy varied from 20 to
50 nJ with a small interval of 10 nJ. However, distinct ripple structures were formed on
BiIn-Si at the laser fluences of 2.04 and 2.55 J/cm2 due to the excellent thermal conductivity
contributed by free electrons in the Bi-In film that allowed for avoiding energy localization.
Moreover, the Bi-In film enabled a wider range of laser fluences to generate periodic
structures, providing higher stability for fabrication.

Figure 2. Scanning electron microscopy (SEM) images of the surface morphologies on bare silicon and BiIn-Si with different
laser fluences of (a,e) 1.02, (b,f) 1.53, (c,g) 2.04, and (d,h) 2.55 J/cm2 at a fixed laser pulse number of N = 200. (a–d) represent
situations on bare silicon. (e–h) represent situations on BiIn-Si.

3.2. Assistance Effect of Bi-In Alloy Film

Based on the above analysis, the optimal laser fluences that could form structures on
bare silicon and BiIn-Si were 1.02 and 2.55 J/cm2, respectively. To analyze the assistance
effect of the Bi-In film accurately, modified surface morphologies with different scanning
speeds were observed on bare silicon (Figure 3a–c) and on BiIn-Si (Figure 3d–f) at their
respective optimal laser fluences. For bare silicon, the ripple structures were irregular.
For example, at a scanning speed of 40 µm/s (Figure 3b), the ripples were sharp in
the middle and blurred at the edge. At a higher speed (Figure 3c), the ripples were
discontinuous due to the discontinuity of the laser energy caused by the high scanning
speed. In Figure 3d–f, for comparison, well-defined and distinct ripples were induced on
BiIn-Si. The LIPSSs on BiIn-Si were more uniform with clear ridges and grooves, indicating
that the Bi-In film contributed to the formation of uniform LIPSSs.
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Figure 3. SEM images of the surface morphologies written on samples. (a–c) correspond to morphologies of bare silicon
with different scanning speeds at a fixed laser fluence of 1.02 J/cm2. (d–f) correspond to morphologies of BiIn-Si with
different scanning speeds at a fixed laser fluence of 2.55 J/cm2. The scanning speeds were 30, 40, and 50 µm/s, as labeled on
the images.

The mechanism of the nanolayered Bi-In alloy film that assisted with the femtosecond
laser fabrication of uniform periodic surface structures is discussed as follows. The forma-
tion of LIPSSs on the silicon surface is explained by the interference between the incident
laser radiation and the SPP wave. The period of the LIPSSs is expressed as [32]:

∆LIPSS = λs = λ

(
ε1 + ε2

ε1ε2

)1/2
= λ

(
1
ε1

+
1
ε2

)1/2
, (1)

where ∆LIPSS is the period of the ripples, λ is the wavelength of the laser, λs is the wave-
length of the surface plasmon polariton wave, and ε1 and ε2 are the dielectric constants of
the adjoining media. In our experiments, ε1 and ε2 represent the dielectric constants of air
and Si, respectively. ε2 is defined as:

ε2 = 1 −
ω2

p

ω2 , (2)

where ωp ∝ ne
1/2, and ne is the free electron density. According to the above analysis, the

period of the ripples is equal to the wavelength of the SPP wave. As the laser fluence
increases, the free electron density of the plasma layer will increase, resulting in a decrease
in ε2. Consequently, the period of ripples will increase. The surface morphologies of
the ripple structures are affected by the energy distribution of the laser. As shown in
Figure 4a, when the bare silicon was irradiated by the laser, the laser energy was mainly
concentrated in the center of the spot according to the Gaussian distribution of the laser
energy (Figure 4c), which caused the ripples to be clearer or even damaged at the center
of the laser spot and blurry or nonexistent at the edge of the laser spot. This analysis
agrees with our experimental results in Figure 3b. However, with the assistance of the
Bi-In film, which contains massive free electrons, the electrons excited by the incident laser
pulse can transport thermal energy quickly due to their high heat conduction performance.
The thermal conductivity of Bi-In alloy contributed by the electrons can be calculated as
8.9 W/(m·K) at 110 ◦C [33,34]. When the Bi-In film still existed on the silicon, the laser
energy distribution in the laser spot on silicon was nearly uniform, as seen in Figure 4d. The
circular blue dashed lines indicate the threshold of the laser fluence that led to the formation
of ripple structures. Thus, the modified area on BiIn-Si was larger than that on bare silicon,
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which coincides with the results in Figure 3, where the width of the modified area was
≈2 µm on bare silicon (Figure 3a–c) and ≈4.5 µm on BiIn-Si (Figure 3d–f). Furthermore,
the uniform distribution of laser energy meant that there was localized ablation on silicon.
After a few pulses of irradiation, the Bi-In film was nonexistent, where the latter LIPSSs
evolved along the original uniform grating structure direction due to the effect of the
grating-assisted surface plasmon (SP)–laser coupling [24,35]. As a result, inhomogeneity in
the energy distribution was reduced in the early stage of formation of the ripple structures,
then the initial grating assisted in the formation of the latter uniform ripple structures.

Figure 4. Schematic diagrams of the laser irradiation on samples. The laser beam was incident on the
bare silicon (a) and on BiIn-Si (b). A sketch diagram of the energy distribution on bare silicon (c) and
BiIn-Si (d).

3.3. Effect of Laser Fluence on the Fabrication of Nanostructures on BiIn-Si

To study the tuning effects of the laser parameters on ripple structures, experiments on
the laser fluence and the pulse number dependences of surface structures were performed.
The effect of the laser fluence on the period of the ripple structures is discussed first.
Figure 5 shows the irradiated areas on the surface of BiIn-Si with laser fluences in the range
from 1.53 to 2.55 J/cm2 at a scan speed of 20 µm/s. As shown in Figure 5a, no ripple
was formed due to there being insufficient energy. With the laser fluence increased to
2.04 J/cm2, ripple structures were generated (Figure 5b) and the period of ripples was
0.55 µm, as seen in Figure 5e. When the laser fluence reached 2.55 J/cm2, the period of the
ripples was 0.54 µm, which almost remained unchanged. The results indicate that the free
electron density of the plasma layer was almost the same at two different laser fluences,
which could be deduced from the mechanism discussed above. The possible reason for this
phenomenon is that strong reflection, even up to a reflectivity of 60%, may have occurred
at the early stage of ablation with a higher laser fluence [36]. Thus, the excitations of free
electrons by the laser fluences of 2.04 J/cm2 (Figure 5b) and 2.55 J/cm2 (Figure 5c) were
equivalent [37], with no obvious change observed in the ripple period.



Appl. Sci. 2021, 11, 632 6 of 8

Figure 5. SEM images of the surface morphologies with a scan speed of 20 µm/s on BiIn-Si. (d–f) are the magnified versions
of the areas within the red rectangles of (a–c), respectively. P is the period of the ripples.

3.4. Effect of the Laser Pulse Number on the Fabrication of Nanostructures on BiIn-Si

Figure 6 depicts the laser pulse number effect on the ripple structures. The laser
fluence of the femtosecond laser was maintained at 2.55 J/cm2. At a laser pulse number
of 100, ripple structures were formed (Figure 6a), and a depth of ≈200 nm was obtained
from the AFM image (Figure 6d). With the laser pulse number increasing to 200, the
ripple structures became distinct (Figure 6b), with the depth reaching ≈300 nm (Figure 6e).
When the pulse number was N = 300 (Figure 6c), the periodic structures were distorted
due to heat accumulation [38]. Figure 6d,e shows that the depth of the ripple structures
increased when the laser pulse number increased from 100 to 200. Nevertheless, when the
laser pulse number was increased to 300, the depth did not increase because the ripple
structures were damaged. The results indicate that the depth could be modulated by
changing the number of laser pulses. However, the accumulated thermal energy must be
less than the damage threshold.

Figure 6. SEM images and AFM profiles of the surface morphologies fabricated on BiIn-Si at a fixed
laser fluence of 2.55 J/cm2. (a–c) correspond to SEM images and (d–f) correspond to AFM profiles
with different scanning speeds. N is laser pulse number.
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4. Conclusions

In summary, an approach for obtaining uniform LIPSSs on silicon using a pre-
deposited Bi-In thin film was proposed in this work. The effects of the Bi-In film were
analyzed both theoretically and experimentally. The Bi-In film acted as a buffer layer
to homogenize the distribution of thermal energy caused by laser irradiation and avoid
damaging the silicon due to excess heat in the formation of the initial LIPSSs. Then, the
grating-assisted SP–laser coupling further assisted the formation of LIPSSs. We also investi-
gated the tuning effects of laser parameters (laser fluence and pulse number) on the ripple
structures. With the laser fluences varying from 1.02 to 2.55 J/cm2 at a scanning speed
of 20 µm/s, no obvious change in the ripple period was observed due to the reflection
enhancement. Furthermore, the depth of the ripples could be modulated by the laser
pulse number. Nevertheless, periodic structures may be distorted by heat accumulation.
This approach opens new opportunities for obtaining high-quality periodic structures on
easily damaged materials.
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