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Si is highly transparent to infrared fiber laser (λ=1090 nm) and the laser is not regarded as a 
suitable tool for ablation based silicon surface texturing. However, we have shown non-ablative 
texturing of Si surface is possible provided that suitable laser power and dwell time are chosen to 
produce peak surface temperature above the Si effective oxidation point of 1250 K and below the Si 
melting point of 1690 K. The phenomenon is explained through theoretical thermal analysis. The 
Kirchhoff transform is used to include the temperature dependent thermal conductivity. It is shown 
that with carefully adjusting laser parameters localized oxidation occurs and results in the formation 
of regularly patterned micro-bumps.  
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1. INTIRUCTION  
Surface texturing became known as an important field 

of research with a broad range of applications in electronics, 
solar cells, and sensors. Focused ion beam (FIB), for 
instance, has been used to produce micro- and nano-scale 
surface patterns either by direct FIB writing [1-3] or 
through ion beam induced self-organization [4-6]. However, 
this type of patterning has to be conducted in high vacuum 
for very small surface areas. In contrast, laser beam can be 
used to pattern surface in ambient or controlled 
environments over large surface areas [7-9].   

Si is an important semiconductor material, so texturing 
its surface by laser has been well studied in the past [10-14]. 
However, all the surface texturing is based upon ablation. 
Hardly any report can be found on use of non-ablative laser 
surface texturing to form uniform micro-patterns. Recently, 
we succussed to pattern Si surface by non-ablative laser 
texturing using continuous wave fiber laser (λ=1090 nm) 
[15-17]. As Si is known to be highly transparent to the 
infrared wavelength, the fiber laser is not regarded as a 
suitable tool for texturing of Si surface. We elucidated  the 
non-ablative surface texturing in terms of laser-induced 
localized thermal oxidation [15, 16]. However, the current 
study aimed to gain better understanding of the non-
ablative texturing mechanism through theoretical thermal 
analysis and to provide a quick-estimation tool for 
determining the suitable laser parameters for the surface 
texturing.  The non-ablative texturing method provides 
possibilities for micro/nano-device applications, clean and 
free-crack marking of silicon wafers.  

 
2. EXPERIMENATL PROCEDURE AND RESULTS  

The material used in the study was a single crystal 
(100) n-type (phosphorous doped) Si wafer with resistivity 

ρ = 1-20 Ω∙cm and thickness of 300 µm. The wafer was cut 
into smaller pieces in the size of 10 mm × 10 mm. 
Ultrasonic cleaning of the samples was carried out in 
methanol for 10 min, acetone for another 10 min, and then 
de-ionized water for 30 min. To minimize influence of 
native oxide layer, the cleaned samples were kept in de-
ionized water till being used.  

The samples were mounted on a motorized X-Y 
precision stage and irradiated using a continuous wave 
fibre laser with wavelength λ = 1090 nm. The laser 
scanning was carried out in an area of 2 mm × 2 mm with a 
point scanning pitch of 20 µm, as shown in Figure 1. A 
lens of 50 mm focal length was used to focus the laser 
beam to the size of ≈ 20 µm.  

The laser experiments were carried out using varying 
laser power (11.5, 19, or 23.3 W) and dwell time (10, 20, 
30, or 40 ms) in O2 atmosphere. O2 was delivered onto the 
Si surface in the pressure of 0.5 bar through a coaxial 
nozzle with an exit diameter of 2 mm and placed about 2 
mm above the surface, as shown in Figure 1.  

Surfaces irradiated with the fiber laser were carefully 
observed under the confocal microscope and the 3D optical 
profilometer. We summarize our observation as follows: 
 
(1) No discernible change was found on surface irradiated 

using the lowest power of 11.5 W.  
(2) Considerable morphological changes were found on 

surface irradiated with the highest power of 23.3 W, 
but the surface patterns were irregular, as shown in 
Figure 2(a).  

(3) When the moderate power of 19 W was used, regularly 
patterned surface features were formed when the dwell 
time was 40 ms, as shown in Figure 2(b); however, no 
such uniform surface patterns were observed for the 
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lower dwell times (10, 20, or 30 ms). The regularly 
patterned surface was further studied using 3D optical 
profilometer, as shown in Figures 3(a) and 3(b). 

 

 
Fig. 1  Illustration of experimental setup 

 

 
Fig. 2   Confocal microscope images of surface irradiated with 
            (a) laser power of 23.3 W, dwell time of 40 ms and (b) 
            laser power of 19 W, dwell time of 40 ms. 

 
Figure 3(a) shows 3D image of the uniformly patterned 
surface irradiated with laser power=19W and dwell 
time=40ms. Figure 3(b) demonstrates 2D profile of a bump 
with height of ≈750nm and base diameter of about 13μm. 
More detailed description of the experimental data could be 
found in [15].   

In the following sections, we will attempt to elucidate the 
phenomena by theoretical thermal analysis. 
 

 
Fig. 3  (a) 3D optical image of surface irradiated with laser         

power: 19 W and dwell time: 40 ms. (b) 2D profile of 
a bump shown in (a). 

 
3. Theoretical Analysis   
3.1. Kirchhoff transform - linear and true temperature 

The familiar heat transfer equation for the temperature, 
T, is the diffusion equation:  

 

[ ]( ) ( ) ( , )p
TC T k T T Q r t
t

r ∂
= ∇ ∇ +

∂
                                (1)   

 
where k is the thermal conductivity, r the density, and pC

the specific heat of the material, and ( , )Q r t is rate at which 
energy is being supplied to the material. The density and 
specific heat can be assumed to be constant for Si, but the 
thermal conductivity varies approximately as 1/T above 
room temperature. Thus equation (1) is strongly nonlinear.  

The nonlinear heat flow equation can be simplified by 
introducing the Kirchhoff transformation [18]:  
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where 𝑘0  is the thermal conductivity at a reference 
temperature 𝑇0, which is chosen to be the initial substrate 
temperature.  
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The linear temperature rise, 𝜃(𝑡), is then related to the 
true temperature rise, T(t), by equation (2). In the steady-
state condition, the equation for θ is the linear heat flow 
equation, and therefore we name θ the linear temperature. 
The temperature distribution for the steady-state can thus 
be obtained by first solving the linear heat flow equation 
for θ, with constant conductivity 𝑘0. The true temperature 
T is then calculated by using the inverse of Kirchhoff 
transform [19, 20]. 

The thermal conductivity of Si can be adequately 
approximated using equation (3)[20].   
 

/ ( )Tk A T B= −                                                           (3) 
 
where A = 299 W/cm and B = 99 K. Thus, the inverse of 
Kirchhoff transform can be expressed analytically as 
below:  
 

0 0( ) exp[ (t) / (T B)]T B T B θ= + − −                                               (4) 
 

Spatial intensity distribution of the laser is considered 
to be : 

 
2 2 2(P / ) exp( / )absI w r wp= −                                                         (5) 

 
where r is the distance from the center of the beam and Pabs 
is the total absorbed power. 𝑤 is beam radius at the 1/e of 
the peak power.   

The beam is centered on the point of interest, 
(x,y)=(0,0), at time t=0. The maximum linear temperature 
rise at t=0 is derived as below.   

 

  max
02

absP
wk

θ
p

=                                                                          (6) 

             
The results of equation (6) can now be inserted into 

equation (4) to calculate the maximum true temperature 
rise.   

 

max 0( ) exp
2

absP
T B T B

wAp
 

= + −  
 

                                                (7)                                                                           

 
Noted that the equation (7) is derived to calculate the 
maximum surface temperature rise in the steady-state 
condition. Thus, in the next section we have specified the 
condition.   
 
3.2. Temperature versus time for constant intensity  

The condition in which the steady-state solution for 
solving the heat equation can be used is determined using 
numerical method.  

Because of the nonlinearity of equation (1), we have 
chosen the three time level implicit method for numerical 
solution of the temperature. The thermal conductivity is 
given by equation (3). We use ρ=2.3 g/cm3 and Cp=0.88 
J/gK for the density and specific heat of Si. For simplicity 
we assume a single absorption coefficient, α=50 1/cm. The 
value of the absorption coefficient has little effect on how 
quickly the equilibrium is achieved.  

Figure 4 shows the results of numerical method for a 
300 μm thick sample subjected to incident power of 23.3, 
19, and 11.5 W with T0=298 K. It is shown that 98% of the 
final temperature rise is reached within 10ms, and after 15 
ms the sample is in relative steady-state. This means that 
the steady-state solution for the temperature can be 
reasonably used if half of the irradiation dwell time is more 
than 15 ms. It implies that the steady-state solution could 
be valid for the dwell time above 30ms.   
Since the condition for the steady-state will normally be 
met in experiments with CW fiber laser and dwell time of 
40ms, we will limit the study to the time-independent case..   
 

 
Fig. 4  Surface temperature vs time of a Si sample irradiated with 

a constant incident power of 23.3, 19, 11.5 W. The 
absorption coefficient α is 5000 1/m; and sample 
thickness is 300 μm. The results are obtained numerically.  

 
3.3. Temperature rise in the steady-state condition  

We have demonstrated that the steady-state solution is 
applicable for CW irradiation with the dwell time above 
30ms. Equation (7) is used to obtain the maximum surface 
temperature for various incident powers (11.5, 19, 23.3 W) 
at fixed dwell time of 40ms. The results are shown in 
Table1.  

 
Table1   Maximum surface temperature at various incident laser 

power. 

Incident laser 
power 
(W) 

11.5 19 23.3 

Tmax (K) 
(steady-state) 688 1294 1892 

Tmax (K) 
(Numerical) 610 1265 1760 

Tmax (K) 
(FE) [16] 619 1304 1840 

Dwell time = 40 ms, R = 0.33, T=0.51 
 

To obtain the absorbed power , Pabs , the following 
equation has been used.  
 

(1 )abs incP R T P= − −                                                          (8) 
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where Pinc is incident laser power, R and T are reflection 
and transmission coefficient of Si at the fiber laser 
wavelength (1090nm).  
It is shown that for dwell times above 30 ms, the surface 
temperature rise obtained through steady-state solution is in 
fair agreement with that of obtained through numerical 
method and finite element (FE) analysis [16] . It suggests 
that the steady-state solution could be quick-estimation tool 
for determining the suitable laser parameters for non-
ablative surface texturing comparing with time-consuming 
numerical method.  
      
4. Discussion  

Results of the maximum surface temperature at center 
of the irradiated point are shown in Table 1. For the highest 
laser power of 20.3 W, It shows that the surface 
temperature is above the melting point of Si (1690 K). . 
This explain the formation of irregular surface patterns 
when the surface is irradiated with this laser power (see 
Figure 2(a)). The result is in good agreement with that of 
obtained through FE study [16].   

It can be found from Table 1 that no melting would 
occur on surfaces irradiated with laser power of 11.5 W 
and 19 W for dwell time = 40 ms, since the surface 
temperature is below the melting point of Si. It shows good 
agreement with our previous study carried out using FE 
analysis [16].  

If localized thermal oxidation of Si accounts for 
formation of the regular bumps as suggested earlier [15], 
regular bumps might be expected to form for laser power 
of both 11.5 W and 19 W. However, in reality, regular 
surface bumps were formed only when the laser power was 
19 W and the dwell time was 40 ms. The thermal analysis 
results may help to explain why this is the case. 

It is found in many studies [21-25] that thermal 
oxidation of Si surface generally occurs in the temperature 
range 1000–1600 K and that 56% of the oxide thickness 
rises above the original silicon surface. For the laser power 
of 11.5 W, the steady-state solution, numerical method and 
FE study [16] showed the peak temperature is well below 
1000 K (see Table 1). Therefore, it is understandable why 
no surface bumps were formed due to thermal oxidation for 
this laser power.  

For laser power of 19 W, numerical method (see Fig.4) 
and FE study [16] showed the peak temperature is above 
1000 K for all the dwell times used (10, 20, 30, and 40 ms). 
In addition, steady-state solution which is valid for dwell 
time above 30 ms shows the same finding for the dwell 
time of 40ms. However, it is noticed that regular bumps 
formed only when the longest dwell time (40 ms) was used. 
This interesting phenomenon is believed to be related to 
decrease of activation energy of Si oxidation with 
increasing temperature.  

 Activation energy of Si oxidation lies around 2-2.5 eV 
for temperature range 1100 to 1200 K, but the value 
decreases to 1.3 eV when the temperature reaches 1250 K 
[23]. In the current study, an infrared laser with wavelength 
1090 nm was used. Photon energy for this laser is 
calculated as 𝐸𝑝ℎ𝑜𝑜𝑜𝑜 =1.138 eV. When the temperature is 
below 1250 K, the photon energy is well below the 
activation energy of Si oxidation (which is 2-2.5 eV for 

temperature range 1100-1200 K and 1.3-2 eV for 
temperature range 1200-1250 K [23]), making it difficult 
for effective Si oxidation to occur at temperatures below 
1250 K. When the laser power is 19 W and dwell time is 
10 ms or 20 ms, numerical method and FE study [16] 
showed the peak temperature is below 1250 K, so no 
effective Si oxidation occurs.  

When the temperature rises to 1250 K, the activation 
energy of Si oxidation is reduced to 1.3 eV, which is very 
close to but still above the value of photon energy (1.138 
eV). When the temperature rises further, the activation 
energy reduces further. Therefore, at a certain temperature 
above 1250 K, the activation energy falls below the photon 
energy, making it possible for the effective oxidation of Si 
to occur and resulting in localized surface expansion and 
bump formation.  

For laser power of 19 W and dwell time of 30 ms 
numerical method and FE study [16] showed that the peak 
temperature is just above 1250 K. The fact that no bumps 
were observed on the laser irradiated surface suggests that 
the activation energy at this peak temperature is not yet 
reduced to below the photon energy level. 

When the dwell time is increased to 40 ms, steady-state 
solution as well as numerical method and FE study [16] 
shows the peak temperature increases well above effective 
oxidation temperature (1250 K). It is shown to be 1294 K 
obtained by steady-state solution (see Table 1). The fact 
that bumps were observed on the laser irradiated surface 
indicates that the activation energy at 1294 K is reduced to 
below the photon energy. It can be deduced from the 
analyses that the critical temperature for effective oxidation 
of Si is somewhere between 1250 and 1300 K. The 
temperature of 1250 K is used as the lower boundary for 
effective oxidation, and the upper boundary is naturally the 
melting point (1690 K).  

Furthermore, steady-state solution might be quick-
estimation tool to predict a range of laser powers suitable 
for making oxide bumps through the non-ablative method. 
Figure 5 shows various incident laser powers at dwell time 
of 40ms which can be used for the purpose of surface 
texturing.  

 

 
Fig. 5  Maximum surface temperature vs incident laser power 
           obtained through steady-state thermal analysis, showing 
            the effective oxidation zone to produce regular bumps on 
           Si surface.  

 



JLMN-Journal of Laser Micro/Nanoengineering Vol. 10, No. 2, 2015 
 

185 
 

Estimated power range gives the maximum surface 
temperature which falls between the two temperature 
boundary lines named as effective oxidation zone. 

 
5. Conclusions  

A regular array of micro-bumps was fabricated on Si 
surface using continuous wave fiber laser (λ = 1090 nm) 
based on laser induced non-ablative texturing. Steady-state 
thermal analysis was used to explain the formation 
phenomenon. The condition for using the steady-state 
solution was obtained by numerical method. It is found that 
the bumps formation is due to laser-induced localized Si 
oxidation. A range of laser powers at the fixed dwell time 
of 40ms, suitable for the non-ablative surface texturing, 
was determined using theoretical results and it is named as 
the effective oxidation zone. The solution might be used as 
a quick-estimation tool to specify the suitable laser power 
to produce uniformly patterned surface features on Si.  
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