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Abstract 
The growth of the periodic surface structures (LIPSS, known as ripples) by laser irradiation on crystalline Si 

surface is reported. The Si surface was irradiated with increasing number (1200, 1400, 1600, 1800, and 

2000) of excimer laser (248nm, 20ns) pulses. The surface configuration evolvement after irradiation was 

investigated by optical microscope and spacing of induced ripples from its dynamic line profile. A decreasing 

trend is observed in ripples spacing with the increasing number of irradiated laser pulses. The interaction of 

the incident laser beam with surface scattered waves is suggested to explain the formation of laser induced 

ripples. The electrical properties of the Si after formation of ripples is explored through four point probe 

technique. An increased resistivity is observed due to formation of ripples and this increase goes on by the 

formation of prominent ripples on the surface. 
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1.  Introduction 

Great fundamental and technological interest has been shown toward the studies of the surface 

configuration evolvement (modification) of semiconductors, by irradiation with different types of energetic 

beams. Laser as a beam is usually preferred due to its availability with wide set of parameters. 

Micromachining with short and ultra short laser pulses has attracted, growing interest in industry due to unique 

properties of laser [1, 2]. It is likely to know that ultra short pulses carry the potential for precise 

micromachining in different materials [3]. During investigation with nanosecond and femtosecond pulses 

number of processes concerning photo- induced modification of silicon surfaces have been explored in different 

ranges of wavelength, intensity and fluence of the laser. Re-crystallization and amorphization are the two stages 

of the solidification of the molten material when it is irradiated with short laser pulses [4]. Amorphization takes 

place when a temperature is lower and material does not have enough time to re-crystallize from the melt. Re-

crystallization takes place in the regions where temperature is high and cooling is sufficiently low. 

Owing to its great semi-conducting characteristics silicon is attractive for numerous applications like in 

microelectronics, sensor technologies, bio-medicine etc. From last two to three decades it has been known that 

laser induced periodic structures can be grown on the surface of semiconductors and metals as permanent wave 

like structures or ripples. Recent investigation has revealed that periodic surface structures on the surface of 

silicon have potential applications in high-density data storage, lithography, grating etc. 

The “ripples” are periodic wave like structures that grow on the surface as a line parallel to the normal of the 

surface [5, 6]. The commonly accepted explanation for formation of these periodic structures is the interference 

between the incident light and the surface scattered wave. This interference leads to the inhomogeneous energy 

distribution over the surface [7]. Two types of the ripples can be created on the surface of silicon by 

irradiating it with short and ultra short laser pulses, one is micro ripples and other is nano-ripples. 

In the past growth of the ripples on the surface of crystalline silicon due to irradiation with laser of different 

wavelength, pulse duration and distinct ambient conditions has been observed. It is also reported that the growth 

process of ripples on the silicon surface initiates after irradiation with certain number of laser pulses [7] 

 

2.  Experimental Arrangement 

Five  different  samples  of single  crystal  Si  of  same  orientation  (110) and  dimensions  were irradiated 

with laser beam in the experiment to induce ripples on the surface. The samples were irradiated with 1200, 
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1400, 1600, 1800 and 2000 of excimer laser shots in air with a repetition rate of 20 Hz. The laser beam was 

focused parallel to the normal of surface with UV transmitting lens of focal length 40 cm. The laser fluence was 

taken 0.5 Jcm
-2

.The schematic of the experimental arrangement is shown in figure 1. 

The effects of laser induced ripples on the electrical and optical properties of silicon were then analyzed using 

diagnostic techniques like optical microscopy and four point probe technique.  

The optical microscopy used to observe surface/ripples morphology is done by STM-6 Olympus microscope 

fitted with CCD and is operated by DPS-2 software. The spacing of the laser induced ripples was measured 

with the help of the dynamic line profile of the DPS-2 software. The electrical properties such as resistivity 

and conductivity of the Si before and after the growth laser induced ripples were measured with the help of 

four point technique using keithley nano- voltmeter. 

 

3. Results and Discussion 

 

3.1 Surface Morphology 

The optical micrographs exhibiting the formation of laser induced ripples for varying laser shots and 

corresponding dynamic line profile are shown in the Figure 2. The laser fluence was 0.5 J/cm
2  

which is 

within the range of reported ablation threshold fluence for Si [8, 9, 10].The average spacing of the ripples 

is measured from the dynamic line profile of the optical microscope. 

Table (1) represents the dependence of the spacing on the irradiated pulses. It is observed that the formation of 

the ripples and their spacing are strongly dependent on the number of irradiated laser shots. It is obvious 

from the micrographs that the central portion of the irradiated region regardless of the number of laser shots, 

shows the breaking up of ripples turning into the conical structures. It is attributable to the Gaussian beam 

profile carrying more energy at the center and less at the periphery. These results are well in accordance with 

the reported results [10]. 

It is clear from the optical micrographs that the ripples become more and more prominent with the increasing 

number of laser shots. A graph in Figure 3 represents the variation in ripple spacing (estimated from 

dynamic line profile) with number of shots. The dynamic line represents that spacing of the ripples is 

decreasing with increasing number of laser shots as ripples are becoming more and more prominent. The reason 

for this variation in the growth of ripples and spacing of the ripples as a function of varying number of laser 

shots is change in the surface tension. 

Ideal semiconductors and insulators in absence of excitation have only bound electrons, i.e. the conduction 

band is empty. When the laser intensity is below a certain threshold value, the material is transparent and 

the laser beam passes through the material with no apparent effect. 

But when the intensity is above the threshold, absorption abruptly increases, and effects such as melting, 

evaporation, and shock wave generation can occur. In semiconductors, ambient temperature already generates 

a certain amount of free carriers which is responsible for their quite high reflectivity in the visible spectrum. 

[10, 11,12,]. 

It is fundamental to remember that only the amount of energy absorbed by the material can contribute to 

processes like heating and melting. [13]. The initial creation of free carriers via electronic transitions raises the 

absorption causing a stronger heating. Upon heating even more carriers are  produced  reinforcing  the  

absorption  [14,15].  The  total absorption  coefficient  is composed of the lattice absorption coefficient and the 
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carrier absorption coefficient. [12,16]. Several researchers have found that the Si can exhibit metallic 

behaviour when its temperature approaches to the melting temperature 1687 K of Si. [10, 17] 

Usually an electron in the conduction band can absorbs sufficient energy nhv ≥ E (band gap), where n is the 

number of photons absorbed sequentially, it can then use the excess energy to ionize another electron via direct 

collision, also known as impact ionization. The resulting two electrons in the conduction band can then 

continue the process of the linear absorption and impact ionization to achieve an exponential growth of the 

free electrons. Thus such avalanche ionization produces highly absorptive and dense plasma, facilitating the 

transfer of energy from the laser to the semiconductor. The resulting melting, material displacement and 

deformation due to the plasma expansion, and chemical restructuring resulted into induced periodic structures 

[14, 15]. 

At room temperature the semiconductors do have some electrons in the conduction band (generated optically by 

the ambient light or thermally at room temperature) [16]. Therefore at room temperature the free electrons 

above the Fermi level play their role in the absorption of the energy from the incident laser beam [18]. These 

electrons then result into creation of more electron-hole pairs by the process of impact ionization [14, 15]. Since 

total absorption coefficient of the material depends upon the lattice absorption and the carrier absorption [12, 

15] therefore these charge carriers absorb more and more energy from the incident beam and transfer this 

energy to the lattice. As fluence of incident laser beam is higher than the threshold fluence of the Si and also 

had sufficient pulse width (i.e. electrons transfer their energy to lattice atoms in 10- 100 ps) to transfer their 

energy to the lattice therefore this energy leads to the thermal process that results into transition from solid to 

liquid [9]. Since we irradiated silicon target with nanosecond laser therefore thermal process dominated. The 

solid to liquid transition was the result of increased vibrational amplitude of the atoms due to increased 

surface temperature causing a decrease in surface tension. After transition a melt pool is formed that then 

resolidifies and makes deformation permanent. These surface deformations or irregularities act to scatter 

incident laser beam [19]. The scattered light propagates as surface wave above or within the material and 

interferes with the incident beam producing an intensity distribution across the surface. The intensity 

distribution act as a diffraction grating, scattering additional light into the surface, therefore creating a positive 

feedback effect [19].   This inhomogeneous distribution of the energy across the surface leads toward the 

growth of the ripples [8, 9, 11]. 

It can now be inferred from above discussion that increasing number of irradiated laser shots has delivered 

more and more energy to the surface. It is clear from micrographs that with increasing number of laser shots the 

heat affected zone has been increased creating surface deformation in larger region as compared to lesser 

number of laser shots. Since ripples formation depends upon the interaction upon the interaction of incident 

laser beam and surface scattered waves, therefore an increased surface deformation resulted into increased 

surface scattered waves [7]. The increased surface scattered waves due to increased surface deformation then 

interfered with incident beam and delivered more energy to the Si surface. This increased amount of delivered 

energy caused transition of more electrons into conduction band which lead the process of impact/avalanche 

ionization as mentioned above [14, 15]. These increased charge carriers then resulted into an increase in the 

absorption since absorption coefficient depends upon the number of free charge carriers [11, 14]. It is now 

therefore cleared that at lower number of irradiated shots the energy transferred to laser was lower as 

compared to the energy absorbed by the electrons at higher number of pulses.   It means that surface tension 

will be lesser at higher number of irradiated shots as compared to the smaller number of irradiated shots. The 

optical micrographs depict fine formation of ripples in case of higher number of laser shots.  Also it is clear that 
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the ripples formed at higher number of irradiated shots are more compact and well defined. The ripples grown 

in case when Si surface is irradiated with 2000 laser shots are very prominent as compared to the Si surface 

irradiated with 1200, 1400, 1600 and 1800 laser shots. The processes behind the formation of these ripples are 

same as mentioned above. Therefore formation of well defined ripples at higher number of laser pulses can be 

referred to the variation in the surface tension with the number of incident laser shots. When laser interacts with 

surface, formation of melt pool takes place and in this melt pool the ripples are generated in the same fashion as 

wooden stick generates ripples in water since radiation exerts pressure when meets a boundary between two 

boundary. This pressure is known as radiation pressure given by relation [21] 

 

P = Nh/λ                                                         (1) 

 

Thus lesser the surface tension better would be the generation of ripples. On the other hand larger 

surface tension restricts the generation of same number of ripples with same force. These laser induced ripples 

then solidify after different processes. The ripples spacing of the laser induced structure shown in optical 

micrographs has been measured with the help of dynamic line profile integrated with the optical microscope 

software. Table 1 given below represents the spacing of the ripples with increasing number of irradiated laser 

shots while plot drawn between these two is shown in Figure 3. 

Table 1 and the plot in Figure 3 clearly depict that ripples spacing is decreasing with increased number of 

irradiated shots. It shows that at a fluence of 0.5 Jcm
-2 

of KrF laser, 2000 number of irradiated laser shots are 

the best optimized shots for generation of very fine and prominent ripples. Further if we examine the optical 

micrograph of Si surface treated by 2000 laser shots it become obvious from the breaking up of ripples at the 

center that incident beam has Gaussian profile that is maximum energy concentrated at the center. The 

decreased ripple spacing is also consequence of decreased surface tension. With decreased surface tension the 

laser beam acting 

at the boundary of two different refractive indices exerted radiation pressure [21] which resulted into generation 

of more ripples in melt pool. This justifies the decreasing trend in the spacing of ripples with increasing number 

of laser shots. 

Laser induced periodic surface structures can be classified into coherent and non coherent structures [7]. The 

coherent structures are those that show dependence on laser wavelength while non-coherent  structures  are  

independent  of  laser  wavelength.  Each of  these  structures  has different ripples spacing. The ripples 

spacing of the coherent structures can be calculated by using the relation [7], 

 

 
Where; 

 

A = Ripple spacing 

λ = Wavelength of incident beam = 248 nm 

θ = angle between incident beam and normal of the surface = 0
0

. 
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The theoretically obtained ripples spacing from relation 1 is 0.2µm which is much smaller than the 

experimentally measured value. The experimentally measured spacing of the micro-ripples in the present 

project lies between 3.25µm - 7µm which is quite large value as compared to theoretically calculated value 

0.2µm. This variation was unexpected because these structures generally show correlation with laser 

wavelength [10]. Since in this study silicon is irradiated in air therefore this variation is the result of silicon-

oxide layer formed on the silicon surface. . The reason for deposition of silicon oxide layer on the surface of 

silicon is the exposure of silicon to air during irradiation [9, 11].  These results are well in accordance with the 

early reported results [22] saying that ripple spacing is dependent on the thickness of SiO2 layer deposited on 

silicon surface when it is exposed in the air. 

 

3.2 Electrical Properties: 

The electrical properties of the silicon samples irradiated with 1200, 1400, 1600, 1800 and 2000 laser shots are 

explored through four point probe technique. The four point technique is one of the most common techniques 

used to find out the resistivity of the material. There are different relations to find out the resistivity depending 

upon the dimensions of the material like thickness and length of the sample. If the thickness (t) of the sample is 

much less than the probe spacing then the relation used to find out the bulk resistivity is given by [23, 24]; 

 

 
 

The irradiated silicon wafers were of rectangular shape therefore resistivity is measured by placing the 

four probes parallel to the length [23]. In the present study the distance of parallel edge is less than hundred 

times the probe spacing therefore equation 4 is applicable. The correction factors for each wafer are obtained 

from ratio of the sample length (l) to probe spacing (s) [25]. 

The current (1- 10 µm) was applied through outer probes and corresponding voltage is measured across inner 
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probes. The values of resistivity and conductivity of silicon samples irradiated with increasing laser pulses are 

listed in Table 2. 

The resistivity of the extrinsic silicon depends upon the concentration of doping and the type of dopant [26].   It 

is clear from the table that with the increase in the number of laser pulses resistivity is increasing while 

conductivity is decreasing which can be attributed to the fact that with increasing number of pulses more and 

more surface deformation took place as it was clear from the increased heat affected zone observed through 

optical micrograph. As electrical properties of any material are associated to the surface therefore any change 

on surface directly affects the electrical properties i.e. resistivity is directly dependant on surface deformation 

[27]. The growth of the ripples on the surface resulted into increased surface deformation thus resistivity also 

increased.  The decrease in ripples spacing with increasing number of irradiated pulses resulted into increased 

resistivity conforming with the results obtained from the optical micrographs. Figures 4 and 5 are the plots of 

increasing number of pulses versus resistivity and conductivity respectively. 

These results are totally in agreement with results reported in literature [28] which confirms that with the 

increase in the irradiated shots more and more surface damage takes place and it leads to increase in resistivity 

and decrease in the conductivity. It is well known that laser ablation induces defects deep into bulk of 

crystalline silicon [29, 30]. Also thermally propagated dislocation results into degradation of electrical 

properties of Si wafer [29].  Figure 4 and table 2 represent correlation of spacing of the ripples with resistivity. 

It is clear from the figure that resistivity is increasing with the decrease in the spacing of the ripples. The 

decrease in spacing of the ripples means that more and more deformation took place within the irradiated area 

as clear from  the  optical  micrographs.  As  resistivity  is  directly  dependent  on  surface  deformation 

therefore increased resistivity with decreased spacing is in total agreement with reported results in the 

literature [29]. 

 

4. Conclusions 

It is concluded that laser induced periodic surface structures (ripples) can be generated on silicon surface as a 

parallel lines across the irradiated spot with the nanosecond excimer laser. The interference of the incident 

laser beam with surface scattered wave is the main cause of the growth of these structures. The formation 

of these ripples depends upon various laser parameters. Lower fluence seems to be suitable for the growth of 

these structures whereas higher fluence damages these structures and leads toward the crater formation. The 

ripples spacing decreases with increase in the number of laser shots due to decrease in surface tension. The 

ripples spacing is inversely related to resistivity as deformation increases with decreased ripples spacing. It is 

observed scattering of incident light is strongly dependent on the spacing of the ripples. The radiations of longer 

wavelength scatters more since longer wavelength becomes comparable to ripples spacing. 
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