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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
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Associate Professor average reflectance for a dopant concentration of 10 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 1018 cm −3 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
19
−3
A. Sedaghat‡ temperature for concentration less than 10 cm , concentration has
Assistant Professor 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
1018 cm −3 .
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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].
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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 transfermatrix 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

[

]

⎧⎪ A1eiq1 z z + B1e − iq1 z z e( iq x x − iωt ) , j = 1
Ej = ⎨
iq ( z − z )
− iq ( z − z ) ( iq x − iωt )
, j = 2,3,...N
⎪⎩ A j e jz j −1 + B j e jz j −1 e x

[

]

(1)

Where Aj and B j are the amplitudes of forward and backward waves in the jth layer. Detailed
descriptions for calculation of Aj and B j 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

ε (ω ) = (n + ik ) 2

(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]

ε (ω ) = ε bl −

N e e 2 / ε 0 me* N h e 2 / ε 0 mh*
−
ω 2 + iω / τ e ω 2 + iω / τ h

(3)

Where the first term in the right ( ε bl ) 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, N e and N h are the concentrations, m *e and m h* the effective masses, τ e
and τ h 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:
(4)
me* = 0.27m0
mh* = 0.37m0

(5)
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where m0 is the electron mass in vacuum. Since ε bl accounts for all contributions other than
the free carriers, it can be determined from the refractive index and extinction coefficient of
silicon as [1]:

ε bl = (nbl + ikbl ) 2

(6)

In this work, the expression of Jellison and Modine [8] is used to calculate the refractive index
nbl in the wavelength region from 0.5 µm to 0.84 µm.
nbl (λ , T ) = n0 (λ ) + β (λ )T
(7)
n0 = 4.565 +

97.3
3.648 − (1.24 / λ ) 2
2

β (λ ) = −1.864 × 10 −4 +

5.394 × 10 −3
3.648 2 − (1.24 / λ ) 2

(8)
(9)

The extinction coefficient k bl 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:
α = 4πk / λ
(10)
k bl 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]:
⎡
⎤
T
k bl (λ , T ) = k 0 (λ ) exp ⎢
⎥
(11)
⎣ 369.9 − exp(−12.92 + 6.831 / λ ) ⎦
⎡
⎤
7.946
k 0 (λ ) = −0.0805 + exp ⎢− 3.1893 +
2
2⎥
3.648 − (1.24 / λ ) ⎦
⎣

(12)

The scattering time τ e or τ h 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 τ e ), which
consists of the above two mechanisms, can be expressed as [9]:
1
1
1
=
+
(13)

τe

τ e −l

τ e−d

Where τ e −l and τ e − d denote the electron-lattice and electron-defect scattering time,
respectively. Similarly, τ h can be related to τ h −l and τ h − d . In addition, the scattering time τ is
also related to the mobility µ by:

τ = m* µ / e

(14)

At room temperature, the total scattering time τ e0 or τ h0 , which depends on the dopant
concentration, can be determined from the fitted mobility equations [10]:
1268
µ e0 =
+ 92
(15)
1 + ( N D / 1.3 × 1017 ) 0.91
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447.3
+ 47.7
1 + ( N A / 1.9 × 1017 ) 0.76

(16)

where superscript 0 indicates values at 300 K and N D or N A is the dopant concentration of
donor (phosphorus, n-type) or acceptor (boron, p-type) in cm−3. Consequently, the scattering
0
0
time from impurity contribution τ e−
d or τ h− d 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:
1.5

τ e−d τ h−d ⎛ T ⎞
=
=⎜
⎟
τ e0−d τ h0−d ⎝ 300 ⎠

(17)

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:

τ e−l = τ e0−l (T / 300) −3.8

(18)

τ h−l = τ h0−l (T / 300) −3.6

(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 µm and the Electromagnetic waves are incident at
θ = 0o . The considered wavelength range is 0.5µm < λ < 0.7µm . 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 1017 cm −3 to 1019 cm −3 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 1018 cm−3 is
0.28247 in 25ºC, 0.30064 in 500ºC and 0.32052 in 1000ºC for donors. The average
reflectance for a dopant concentration of 1019 cm−3 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 1018 cm−3 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 1018 cm−3 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 1019 cm −3 , 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 1018 cm −3 .
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Nomenclature

Aj :

Amplitude of forward waves in the jth layer

Bj :

Amplitude of backward waves in the jth layer

m0 :

:

Extinction coefficient
Electron mass in vacuum

m *e :

Effective masses for free electrons

k

*
h

m :
n

:

Effective masses for free holes
Refractive index

N e : Concentrations for free electrons
N h : Concentrations for free holes
Greek symbols
α : Absorption coefficient

µ :
τe :
τh :

Mobility
Scattering times for free electrons
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 (ntype) with 1018 cm −3 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 10 18 cm −3 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 (ntype) with 1017 cm −3 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 (ptype) with 1019 cm −3 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 1017 cm −3
Donors 1018 cm −3
Donors 1019 cm −3
Acceptors 1018 cm −3
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 1017 cm −3
Donors 1018 cm −3
Donors 1019 cm −3
Acceptors 1018 cm −3
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
ﻃﻲ دو دﻫﻪ اﺧﻴﺮ ﺗﻮﺳﻌﻪ زﻳﺎدي در روﺷﻬﺎي ﻋﻜﺲ ﺑﺮداري ﻧﺰدﻳﻚ و ﭘﻴﻤﺎﻳﺸﮕﺮﻫﺎي ﻣﺤﻠﻲ رخ داده اﺳﺖ .ﺑﻪ
ﻋﻨﻮان ﻣﺜﺎل ﻣﻲ ﺗﻮان ﺑﻪ ﻣﻴﻜﺮوﺳﻜﻮپ ﺗﻮﻧﻞ زﻧﻲ ﭘﻮﻳﺸﻲ ) , (STMﻣﻴﻜﺮوﺳﻜﭗ ﻧﻴﺮوي اﺗﻤﻲ ), (AFM
ﻣﻴﻜﺮوﺳﻜﭗ ﻧﻮري ﭘﻮﻳﺸﮕﺮ ﻧﺰدﻳﻚ ) , (NSOMﻣﻴﻜﺮوﺳﻜﭗ ﺗﻮﻧﻞ زﻧﻲ ﭘﻮﻳﺸﻲ ﻓﻮﺗﻮﻧﻲ ) (PSTMو ﻣﻴﻜﺮوﺳﻜﭗ
ﭘﻮﻳﺸﻲ ﺣﺮارﺗﻲ) (SThMاﺷﺎره ﻧﻤﻮد.
ﻧﺘﺎﻳﺞ ﻧﺸﺎن دادﻧﺪ ﻛﻪ ﺑﺎزﺗﺎب ﻣﻴﺎﻧﮕﻴﻦ ﺑﺮاي ﻳﻮﻧﻬﺎي دﻫﻨﺪه ﺑﺎ ﻏﻠﻈﺖ  1018 cm−3ﺑﺮاﺑﺮ اﺳﺖ ﺑﺎ  0/28247در
دﻣﺎي  0/30064 ,25ºCدر دﻣﺎي  500ºCو  0/32052در دﻣﺎي  , 1000ºCو ﺑﺎزﺗﺎب ﻣﻴﺎﻧﮕﻴﻦ ﺑﺮاي ﻳﻮﻧﻬﺎي
ﭘﺬﻳﺮﻧﺪه ﺑﺎ ﻏﻠﻈﺖ  1018 cm−3ﺑﺮاﺑﺮ اﺳﺖ ﺑﺎ  0/28247در دﻣﺎي  0/300648 , 25ºCدر دﻣﺎي  500ºCو
 0/320526در دﻣﺎي  .1000ºCدر ﻃﻮل ﻣﻮج ﻣﺮﺋﻲ ﺑﺎزﺗﺎب ﺑﻴﺸﺘﺮ در دﻣﺎﻫﺎي ﺑﺎﻻﺗﺮ رخ ﻣﻲ دﻫﺪ و
ﺿﺮﻳﺐ ﺻﺪور ﺑﺎ اﻓﺰاﻳﺶ دﻣﺎ ﻛﺎﻫﺶ ﻣﻴﺎﺑﺪ .در اﻳﻦ ﻃﻮل ﻣﻮﺟﻬﺎ ﺿﺮﻳﺐ ﻋﺒﻮر ﻗﺎﺑﻞ ﺻﺮﻓﻨﻈﺮ ﻛﺮدن اﺳﺖ .در دﻣﺎي
اﺗﺎق ﺑﺮاي ﻏﻠﻈﺖ ﻧﺎﺧﺎﻟﺼﻲ ﻛﻤﺘﺮ از  ,1019 cm−3ﻏﻠﻈﺖ اﺛﺮ ﻣﻬﻤﻲ ﺑﺮ ﺧﻮاص ﺗﺸﻌﺸﻌﻲ ﻧﺪارد .در دﻣﺎي اﺗﺎق
ﭘﺪﻳﺪه ﭘﺮاﻛﻨﺪﮔﻲ ﺗﻮﺳﻂ ﺗﻔﺮق ﺷﺒﻜﻪ ﺣﺎﺋﺰ اﻫﻤﻴﺖ اﺳﺖ و ﭘﺪﻳﺪه ﺗﻔﺮق ﺗﻮﺳﻂ ﻧﺎﺧﺎﻟﺼﻲ ﻫﺎ ﻫﻨﮕﺎﻣﻲ ﻣﻮﺛﺮ واﻗﻊ
ﻣﻲ ﮔﺮدد ﻛﻪ ﻏﻠﻈﺖ ﻧﺎﺧﺎﻟﺼﻲ ﺑﻪ  1018 cm−3ﺑﺮﺳﺪ.

