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Determination of porous Silicon thermal conductivity using 

the “Mirage effect” method 
 

 

 

ABSTRACT 

 
 Mirage effect is contactless and non destructive method which 

has been used a lot to determine thermal properties of different  kind of 

samples , transverse photothermal deflection PTD in  skimming 

configuration with ccd camera  and special programs is used to determine 

thermal conductivity of porous silicon ps  film. Ps samples were prepared 

by electrochemical etching. Thermal conductivity with porosity changing 

was measured and the experiments result compared with theoretical 

results, and they were almost the same. 
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INTRODUCTION 
 

 When an intensity-modulated beam of electromagnetic 

radiation is incident on an absorbing medium, heat pulses are produced in 

the sample. The thermal wave thus generated diffuses into the sample as 

well as the adjacent coupling medium resulting in a modulated 

temperature gradient. Concomitant with this temperature gradient is a 

refractive index gradient established in the sample and in the coupling 

medium. The refractive index gradient leads to deflection of another 

optical beam (probe beam) passing through its vicinity. In the mirage 

detection technique, the probe beam could be directed onto the sample 

surface in two ways: namely bouncing configuration and skimming 

configuration. In the former case, the probe beam is incident at a small 

angle on the sample surface and is reflected. Thus the height of the probe 

beam above the sample surface is zero. In the skimming configuration, the 

probe beam grazes the sample surface. Hence, the probe beam is 

propagating at a finite height above the surface, which is determined by 

the spot size of the beam. The deflection, detected using suitable position 

sensitive detectors, comprises of two components— one parallel tangential 

component) and the other perpendicular (normal component) to the 

sample surface. The present theoretical analysis applies to experiment 

performed in skimming configuration [1]. 
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EXPERIMENTAL 
 

Model 

 In order to use PDS to extract useful 

information about a material’s properties, it is 

necessary to have a suitable model of heat transfer 

in the solid and gas phases. The following 

assumptions are made in the present studies in [2, 

3]: transverse PDS in a Skimming probe beam 

configuration (Figures 1a & 1b), a multilayered 

material structure (Figure 1b), axi-symmetric heat 

flow, homogeneous density and specific heat within 

each layer, anisotropic thermal conductivity within 

each layer, a thermal contact resistance at each 

interface, temperature invariant properties, 

volumetric Optical-to-thermal energy conversion, 

periodically modulated heating beam, and Gaussian 

(TEM00) heating and probe beams. 

 

 
 

Fig. 1. Profile and the resulting normal and transverse 
 components of the PTD signal. 

(a) schematic representation of the probe beam deflection[16] 

(b) schematic diagram of the passage of a probe-beam through 
a refractive index[2] 

 We will calculate the probe beam 

deflections caused by the temperature field 

determined by the following equation [2, 3, 4, 5, 

and 6]: 
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 Where Q(r,t) is the heat deposited per unit 

volume oscillating at the frequency w in the 

absorbing medium and is given by [7] : 
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 For square wave intensity modulated beam 

where P is the optically exciting beam (pump 

beam) power, α is the absorption coefficient, and b 

is the l/e
2
 radius of the Gaussian beam. 

 The deflection of a single ray, which is 

parallel to the sample surface, can be broken into 

orthogonal components which are normal and 

tangential to the surface.  Where the normal and 

tangential components are given by [8]: 
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 The periodic heat flow from the solid to the 

surrounding gas produces a periodic temperature 

variation in the gas. The time dependent component 

of the temperature in the gas attenuates rapidly to 

zero with increasing distance from the surface of 
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the solid. The Thermal length and thermal 

wavelength can be written as [9]: 
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 We can find thermal conductivity from 

equations )10) and (11) by solving equations (7) as 

in [10]: 
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Where [11]: 
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 n refractive index of fluid, T temperature, 

Di thermal diffusivity of medium i (i=s for sample , 

f for fluid ,b for back), f modulation  frequency of  

pump beam . K Thermal conductivity, α is the 

absorption coefficient, I0 is the energy absorbed by 

the target due to the reflection of radiation from the 

microscopic stage, b is the 
1

𝑒2
 of radius of the 

Gaussian beam distribution. We will assume that 

the probe beam is collimated in the region of the 

thermal field. We have solved for the intensity-

averaged probe beam deflections at a particular 

harmonic induced by the temperature field in the 

gas phase.  ccd camera is used instead of quadrant 

photo detector, we’ve created suit of programs that 

can work as beam profiler   according to next step: 

1. Video of the laser probe beam moving is 

recorded with ccd camera during heating of ps 

sample by pump beam. 

2. The video is  cut to frames (Figure 2) 

3. We use program that determines the laser 

beam spot displacement in normal and 

tangential direction (Figure 3). 

4. The value of displacement is used to 

calculate the effective  thermal conductivity 

from equation(9,10) of the sample, and by 

using effective  medium approximation, 

thermal conductivity of porous silicon film  

is calculated from eqs.(13,14) [12]: 
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 Where K1 is thermal conductivity of porous 

silicon, K2 thermal conductivity of silicon 

(150w/mk) , Keff the effective  thermal conductivity, 

L1 the porous silicon film thickness, L2 the silicon 

substrate thickness , L thickness of porous silicon 

film and silicon substrate together (0.4 mm). 

 

 
 

Fig. 2. Video cutting into photos every 25 frames (4s) 

 

 

 
 

Fig. 3. program for determining of laser beam spot displacement in 

normal and tangential direction with time. 
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Fabricating process 
 Porous silicon samples were prepared by 

electrochemical etching method of p-type cubic 

silicon wafers (c-Si), (100) orientation with 

resistivity of 0.01-40 Ω·cm, electrochemical 

dissolution of Si wafers is used: HF-ethanol 

(measured by volume) aquas with concentration 

from 20% (Table 1). The current density was 

always kept Constant for each sample during 

etching of PS (10-50 mA/cm
2
).Fabricating process 

done in a normal etching Teflon cell. After 

anodization, PS samples are carefully removed 

from the bath and cleaned in deionized water. Few 

examples of AFM measurement is presented to 

show differences between samples according to 

preparing current (Figure 4): 

 

 
 

Fig. 4. 2D and 3D AFM image of porous silicon samples prepared with etching time of 5 min and current density of 
(a-20,b-30,c-45) mA·cm-2, at HF concentration 20%. 

 

 
Table 1. Fabricating process parameters 

 

Sample 
HF concentration 

(%) 

Current density  

(mA/cm
2
)

 
Anodization Time 

(min) 

S01 20 10 5 

S02 20 20 5 

S03 20 25 5 

S04 20 30 5 

S05 20 35 5 

S06 20 40 5 

S07 20 45 5 

S08 20 50 5 
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RESULTS AND DISCUSSION 
 

 Effective Thermal conductivity is plotted 

in Figure 5 versus porosity for samples in Table 1. 

Calculated from photothermal deflection method 

using  experimental results  and by  substituting it  

in eq.(10,11) to find effective thermal conductivity  

then by substituting effective thermal conductivity 

in eq.(13,14) to find the Thermal conductivity of ps 

film (Table 2). It was found that the Thermal 

conductivity of ps film decreases with increasing 

porosity. The measured thermal conductivities, 

ranging from 92 W/mK for P=15% to 13.7 W/mK 

for P=55%. The thermal conductivity 

Kbulk=150W/mK of bulk Si However, our 

measurement results was close to theoretical results 

predicted by Eq. (15) [13, 14]: 

 
3

1 )1( psith               (15) 

 

The decreasing in Thermal conductivity is 

attributed to that: The solid contribution is normally 

significantly higher than that of the gas contained 

in the pores, and thus, the gaseous conduction 

contribution is considered to be negligible. The 

radiative contribution, krad, is derived from heat 

radiated throughout the pores, and is highly 

dependent on the porosity, pore size, and 

temperature [15]. For all that reasons thermal 

conductivity in bulk silicon is higher than that of ps 

samples. Figure 6 shows the measured and 

theoretical calculated thermal conductivity of ps 

sample they are almost the same. 

 

 
 

Fig. 5. The effective thermal conductivity changes vs porosity 

Table 2. Thermal conductivity of ps measured and calculated 

 

sample %p  
eff w/mK 1  

w/mK 

.1theo
 

w/mK 

S01 0.15 136.7 92.1 92.2 

S02 0.25 129.2 63.3 65.5 

S03 0.3 125.4 51.5 51.5 

S04 0.35 121.6 41.2 41.2 

S05 0.4 117.7 32.4 32.4 

S06 0.45 113.8 25.0 25.0 

S07 0.5 109.8 18.8 18.8 

S08 0.55 105.6 13.7 13.7 

 

 

 
 

Fig. 6. The thermal conductivity of ps changes vs porosity 

 

 

CONCLUSIONS 
 

 Porous silicon samples were prepared by 

electrochemical etching method, HF-ethanol 

concentration from 20%, The current density was 

(10,.., 50 mA/cm
2
). Fabricating process done in a 

normal etching Teflon cell. Mirage effect in 

transverse photothermal deflection PTD (skimming 

configuration)  with  ccd camera  and special 

program is used here to determine effective thermal 

conductivity from displacement in eq.(10,11), and 

by substituting them  in eq.(13,14) it's easy to 

determine thermal conductivity of ps samples. They 

changed from92.1W/mK for 0.15% porosity to 

13.7W/mK for 0.55% porosity. Experimental 

results of ps thermal conductivity with porosity 

were compared with theoretical results and it was 

almost the same. 
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