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1   Introduction 
 
Silicon is semiconductor that plays a vital role in integrated circuits and MEMS/NEMS [1]. 
Semitransparent crystalline silicon solar cells can improve the efficiency of solar power 
generation [2]. Accurate radiometric temperature measurements of silicon wafers and heat 
transfer analysis of rapid thermal processing furnaces require a thorough understanding of the 
radiative properties of the silicon wafer, whose surface may be coated with dielectric or 
absorbing films [1]. In fact, surface modification by coatings can significantly affect the 
radiative properties of a material [3]. 

                                                           
* Corresponding Author, Assistant Professor , Department of Mechanical Engineering, Islamic Azad University, 

Yazd Branch, Yazd, AmirOloomi@iauyazd.ac.ir 
† Associate Professor, Department of Mechanical Engineering, Isfahan University of Technology, 

AhmadSab@cc.iut.ac.ir. 
‡ Assistant Professor, Department of  Mechanical Engineering, Isfahan University of Technology, 

Sedaghat@cc.iut.ac.ir 

S.A.A. Oloomi* 
Assistant Professor 

 
 
 
 
 
 

A. Saboonchi† 
Associate Professor 

 
 
 
 
 
 
 
 

A. Sedaghat‡ 
Assistant Professor 

Effects of Temperature on Radiative 
Properties of Nanoscale Multilayer with 
Coherent Formulation in Visible 
Wavelengths 
During the past two decades, there have been tremendous 
developments in near-field imaging and local probing techniques. 
Examples are the Scanning Tunneling Microscope (STM), Atomic 
Force Microscope (AFM), Near-field Scanning Optical Microscope 
(NSOM), Photon Scanning Tunneling Microscope (PSTM), and 
Scanning Thermal Microscope (SThM).Results showed that the 
average reflectance for a dopant concentration of 31810 −cm  is 
0.28247 in 25ºC, 0.30064 in 500ºC and 0.32052 in 1000ºC for donors. 
The average reflectance for a dopant concentration of 318cm10 −  is 
0.282474 in 25ºC, 0.30064 in 500ºC and 0.32052 in 1000ºC for 
acceptors. For visible wavelengths, more reflectance occurs in 
greater temperature and the emittance decreases as the temperature 
increases. In these wavelengths, transmittance is negligible. At room 
temperature for concentration less than 31910 −cm , concentration has 
not important influence on radiative properties. At room temperature, 
the scattering process is dominated by lattice scattering for lightly 
doped silicon, and the impurity scattering becomes important for 
heavily doped silicon when the dopant concentration exceeds 

31810 −cm .  
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Oloomi et al. showed for lightly doped silicon that silicon dioxide and silicon nitride coating act 
as anti reflector and these coatings reduce reflectance toward bare silicon. If thickness of non metal 
coating increases, reflectance of multilayer decreases and transmittance increases [4]. 
This work uses transfer-matrix method for calculating the radiative properties. The coherent 
formulation is applied. The Drude Model for the Optical Constants of Doped Silicon is 
employed. In this work, phosphorus and boron are default impurities for n-type and p-type, 
respectively. 

 
2   Modeling 
 
2.1 Coherent Formulation 
 
When the thickness of each layer is comparable or less than the wavelength of 
electromagnetic waves, the wave interference effects inside each layer become important to 
correctly predict the radiative properties of multilayer structure of thin films. The transfer-
matrix method provides a convenient way to calculate the radiative properties of multilayer 
structures of thin films (Figure 1). 
By assuming that the electromagnetic field in the jth medium is a summation of forward and 
backward waves in the z-direction, the electric field in each layer can be expressed by 
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Where jA  and jB  are the amplitudes of forward and backward waves in the jth layer. Detailed 
descriptions for calculation of  jA  and jB  is given in Ref [5]. 

 
2.2  The Drude Model for the Optical Constants of Doped Silicon 
 
The complex dielectric function is related to the refractive index (n) and the extinction 
coefficient (k) by this equation 

2)()( ikn +=ωε  (2)

To account for the doping effects, the Drude model is employed, and the dielectric function of 
both intrinsic and doped silicon is expressed as the following form [6] 
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Where the first term in the right ( blε ) accounts for contributions by transitions across the band 
gap and lattice vibrations, the second term is the Drude term for transitions in the conduction 
band (free electrons), and the last term is the Drude term for transitions in the valence band 
(free holes). Here,   eN  and hN  are the concentrations, *

em  and *
hm  the effective masses, eτ  

and hτ  the scattering times for free electrons and holes, respectively, and e is the electron 
charge. For simplicity, the effective masses are assumed to be independent of the frequency, 
dopant concentration, and temperature in the present study, and their values are taken from 
Ref [7] as:  

0
* 27.0 mme =  (4)

0
* 37.0 mmh =  (5)



Effects of Temperature on Radiative Properties of …     
 

7

where 0m  is the electron mass in vacuum.  Since blε  accounts for all contributions other than 
the free carriers, it can be determined from the refractive index and extinction coefficient of 
silicon as [1]: 

2)( blblbl ikn +=ε  (6)
In this work, the expression of Jellison and Modine [8] is used to calculate the refractive index 

bln  in the wavelength region from 0.5 µm to 0.84 µm. 
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The extinction coefficient blk  accounts for the band gap absorption as well as the lattice 
absorption. The band gap absorption occurs when the photon energy is greater than the band 
gap energy of silicon and results in a large absorption coefficient. The absorption coefficient 
is related to the extinction coefficient as:  

λπα /4 k=  (10)
blk  can be determined for all temperatures from the equation for absorption coefficients. In 

the present study, the extinction coefficient of silicon is calculated from Jellison and Modine’s 
expression in the wavelength range from 0.4 to 0.9 µm as follows [8]: 
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The scattering time eτ  or hτ  depends on the collisions of electrons or holes with lattice 
(phonons) and ionized dopant sites (impurities or defects); hence, it generally depends on the 
temperature and dopant concentration. The total scattering time (for the case of eτ ), which 
consists of the above two mechanisms, can be expressed as [9]: 

delee −−

+=
τττ

111  (13)

Where le−τ  and de−τ  denote the electron-lattice and electron-defect scattering time, 
respectively. Similarly, hτ  can be related to lh−τ  and dh−τ  . In addition, the scattering time τ is 
also related to the mobility µ by: 

  em /*µτ =    (14)

At room temperature, the total scattering time 0
eτ  or 0

hτ  , which depends on the dopant 
concentration, can be determined from the fitted mobility equations [10]: 
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where superscript 0 indicates values at 300 K and DN  or AN  is the dopant concentration of 

donor (phosphorus, n-type) or acceptor (boron, p-type) in cm−3. Consequently, the scattering 

time from impurity contribution 0
de−τ  or 0

dh−τ  can be determined from Equation. (13) by 

knowing the total scattering time and that due to lattice contribution. Because of the relatively 

insignificance of impurity scattering at high temperatures, the following formula can be used 

to calculate the impurity scattering times: 
5.1
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In order to obtain a better agreement with the measured near-infrared absorption coefficients 

for lightly doped silicon [1, 11], the expressions for lattice scattering are modified in the 

present study, as follows:   
8.30 )300/( −

−− = Tlele ττ  (18)
6.30 )300/( −

−− = Tlhlh ττ  (19)

3   Results 
 
Consider the case in which the silicon wafer is coated with a silicon dioxide layer on both 
sides. The thickness of silicon wafer is 500 mµ  and the Electromagnetic waves are incident at 

o0=θ . The considered wavelength range is m7.0m5.0 µ<λ<µ . Doped silicon is used and the 
coherent formulation is applied. The thickness of SiO2 is 400 nm. The Drude Model for the 
Optical Constants of Doped Silicon is employed. The optical constants of silicon dioxide and 
silicon nitride are mainly based on the data collected in Palik’s handbook [12]. Phosphorus 
acts as donor (n-type) and born acts as acceptor (p-type) for doped silicon. Impurities 
concentration differs from 317 cm10 −  to 319 cm10 − for both of donors and acceptors. Different 
temperatures are applied for the case showed above. Some results of this study are shown 
below in figures 2 to 5 and tables 1 to 2.  
 
4   Conclusions 
 
The effect of wave interference can be understood by plotting the spectral properties such as 
reflectance or transmittance of a thin dielectric film versus the film thickness and analyzing 
the oscillations of properties due to constructive and destructive interferences [13-14]. The 
fluctuations in the results are observed because of the wave’s interferences, these fluctuations 
are in the shape of sinus curves and with increasing wavelength, the distance between peaks 
grows [13]. 

Results showed that the average reflectance for a dopant concentration of 31810 −cm  is 
0.28247 in 25ºC, 0.30064 in 500ºC and 0.32052 in 1000ºC for donors. The average 
reflectance for a dopant concentration of 31910 −cm  is 0.282474 in 25ºC, 0.30064 in 500ºC and 
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0.32052 in 1000ºC for acceptors (Table 1).  It may be concluded that average reflectance 
decreases with increasing concentration.  

For visible wavelengths, more reflectance occurs in greater temperature (Figures 2 and 5) 
and the emittance decreases as the temperature increases (Figure 4). In these wavelengths, 
transmittance is negligible (Figure 3).  

It was also observed that the average emittance for a dopant concentration of 31810 −cm  is 
0.71753 in 25ºC, 0.699356 in 500ºC and 0.679478 in 1000 ºC for donors. This is while the 
average emittance value for a dopant concentration of 31810 −cm  is 0.717526 in 25ºC, 
0.699352 in 500 ºC and 0.679474 in 1000ºC for acceptors (Table 2). Donor impurities and 
acceptor impurities act similar in visible wavelengths but donor impurities have greater 
emittance than acceptor impurities.  

At room temperature for concentration less than 319 cm10 − , concentration has not important 
influence on radiative properties. At room temperature, the scattering process is dominated by 
lattice scattering for lightly doped silicon, and the impurity scattering becomes important for 
heavily doped silicon when the dopant concentration exceeds 318cm10 − . 
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Nomenclature 
 

jA    :      Amplitude of forward waves in the jth layer 

jB    :      Amplitude of backward waves in the jth layer 
k       :       Extinction coefficient 

0m   :       Electron mass in vacuum 
*
em   :       Effective masses for free electrons 
*
hm   :       Effective masses for free holes 

n       :        Refractive index             
 

eN  :    Concentrations for free electrons              

hN  :    Concentrations for free holes                       
 
Greek symbols 
α   :      Absorption coefficient 
µ   :      Mobility 

eτ  :     Scattering times for free electrons 

hτ  :     Scattering times for holes             
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Figures 
 
 

 
Figure 1 The geometry for calculating the radiative properties of a multilayer structure 
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Figure 2 Spectral Reflectance of silicon wafer coated by silicon dioxide film on both sides with doped silicon (n-

type) with 31810 −cm  concentrations, at room Temperatures and normal incidence for visible wavelengths 
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Figure 3 Spectral Transmittance of silicon wafer coated by silicon dioxide film on both sides with doped silicon 

(p-type) with 31810 −cm  concentrations, at room Temperatures and normal incidence for visible wavelengths 
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Figure 4 Spectral Emittance of silicon wafer coated by silicon dioxide film on both sides with doped silicon (n-

type) with 31710 −cm  concentrations, at room Temperatures and normal incidence for visible wavelengths 
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Figure 5 Spectral Reflectance of silicon wafer coated by silicon dioxide film on both sides with doped silicon (p-

type) with 31910 −cm  concentrations, at room Temperatures and normal incidence for visible wavelengths 
 
 
 
 
 

Tables 
 

 
Table 1 Average Reflectance in Visible wavelengths for different impurities and temperatures  

Temperature/Impurity Donors 31710 −cm  Donors 31810 −cm  Donors 31910 −cm  Acceptors 31810 −cm  
25ºC 0.28248 0.2824701 0.282426 0.282474 

500ºC 0.300654 0.3006438 0.300555 0.300648 
1000ºC 0.320524 0.3205224 0.320491 0.320526 

 
 
 
 
 

Table 2 Average Emittance in Visible wavelengths for different impurities and temperatures 
Temperature/Impurity Donors 31710 −cm  Donors 31810 −cm  Donors 31910 −cm  Acceptors 31810 −cm  

25ºC 0.71752 0.71753 0.717574 0.717526 
500ºC 0.699346 0.699356 0.699445 0.699352 
1000ºC 0.679476 0.679478 0.679509 0.679474 
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  چكيده
به . رخ داده است يمحل يشگرهايمايك و پينزد يعكس بردار يدر روشها يادير توسعه زيدو دهه اخ يط

  , (AFM) ياتم يرويكروسكپ نيم , (STM) يپويش يميكروسكوپ تونل زن توان به يعنوان مثال م
كروسكپ يو م  (PSTM)يفوتون يشيپو يكروسكپ تونل زنيم , (NSOM) كيشگر نزديپو يكروسكپ نوريم
  .اشاره نمود (SThM)يحرارت يشيپو
در  28247/0برابر است با  cm  1018−3 تظدهنده با غل يونهاي ين برايانگيج نشان دادند كه بازتاب مينتا

 يونهاي ين برايانگيو بازتاب م,  ºC1000 يدر دما 32052/0و  ºC500 يدر دما ºC 25, 30064/0دماي
و  ºC500در دماي  ºC 25 , 300648/0در دماي 28247/0برابر است با  cm  1018−3 رنده با غلظت يپذ

دهد و  يبالاتر رخ م يشتر در دماهايبازتاب ب يدر طول موج مرئ. ºC1000در دماي  320526/0
 يدر دما. صرفنظر كردن استب عبور قابل ين طول موجها ضريدر ا. ابديش دما كاهش ميصدور با افزا بيضر

اتاق  يدر دما. ندارد يبر خواص تشعشع يغلظت اثر مهم ,cm  1019−3 كمتر از  يغلظت ناخالص ياتاق برا
موثر واقع  يها هنگام يده تفرق توسط ناخالصيت است و پديتوسط تفرق شبكه حائز اهم يده پراكندگيپد
  .برسد cm  1018−3 به  يگردد كه غلظت ناخالص يم


