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Fractional Canonical Quantization of the Free Electromagnetic 
Lagrangian Density 
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Abstract: We reformulated the fractional free electromagnetic Lagrangian density using 
the radiation (Coulomb) gauge and Lorentz gauge. We also obtained fractional Euler-
Lagrange (E-L) equations resulting from these Lagrangian densities. Then we found 
fractional Hamiltonian density in general form and used Dirac algebraic method to 
determine the creation and annihilation operators to construct the Canonical Commutation 
Relations (CCRs). 
Keywords: Canonical quantization; Coulomb gauge; Lorentz gauge; Fractional derivative; Free 

electromagnetic lagrangian density. 
 

 
Introduction 

The theory of derivatives of non integer 
order goes back to Leibniz, Liouville, 
Riemann and Letnikov [1-9]. Fractional 
calculus generalizes the classical calculus 
and has many applications in various fields 
of physics. These applications include 
classical and quantum mechanics, field 
theory and electromagnetic theory 
formulated mostly in terms of left Riemann-
Liouville fractional derivative [10-15]. 

The fractional variational principle 
represents an important part of fractional 
calculus and is deeply related to the 
fractional quantization procedure by 
obtaining the fractional Euler-Lagrange 
equation and the corresponding fractional 
Hamiltonian. The quantization of systems 
with fractional derivatives is an important 
area in the applications of fractional 
differential and integral calculus.  

Canonical quantization is the procedure 
by which a classical theory, formulated by 
using the Lagrangian-Hamilton formalism, 
can be made into a quantum theory. The 
process of quantizing the Hamiltonian starts 

with changing the coordinates and the 
conjugate momentum into operators, those 
satisfying commutation relations which 
correspond to the Poisson bracket relation of 
classical theory [16]. 

In the usual approach to the quantization 
of the free electromagnetic field, the gauge 
of the electromagnetic potentials is first 
fixed in either the radiation (Coulomb) 
gauge or the Lorentz gauge. If the radiation 
gauge is used, then a Fourier expansion of 
the transverse vector potential is made. 
When the Hamiltonian is expressed in terms 
of the vector potential, it reduces to a sum of 
uncoupled harmonic oscillator 
Hamiltonians. The harmonic oscillators are 
then canonically quantized. If the Lorentz 
gauge is used for quantization, subsidiary 
conditions must be imposed and an 
indefinite metric used to avoid 
contradictions. It must then be shown that 
the two procedures yield the same results, so 
that gauge invariance is ensured [17-19]. 

The main aim of this paper is to quantize 
the electromagnetic Lagrangian density with 
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Radiation and Lorentz gauge using left 
Riemann-Liouville fractional derivative and 
to obtain the fractional canonical 
commutation relations and compare them 
with the standard CCRs in classical calculus. 

The plan of this paper is as follows: in 
the following section Riemann-Liouville 
fractional derivatives are briefly reviewed. 
Then, the fractional electromagnetic 
Lagrangian density and the canonical 
quantization in radiation gauge are dealt 
with. Then, the electromagnetic Lagrangian 
density and its canonical quantization in 
Lorentz gauge are presented. An appendix is 
inserted to show that the electromagnetic 
Lagrangian density is invariant under gauge 
transformation. Finally some concluding 
remarks are given. 

Basic Definitions 
Several definitions of a fractional 

derivative have been proposed. These 
definitions include Riemann-Liouville, 
Caputo, Marchaud and Riesz fractional 
derivatives [4-5]. In the following part of the 
paper, we briefly present some fundamental 
definitions used in this work. The left and 
right Riemann-Liouville fractional 
derivatives are defined as follows:  

The left Riemann-Liouville fractional 
derivative 

( )

( ) ( ) ( )11
a t

n t
n

a

D f t

d t f d
n dt

α

ατ τ τ
α

− −

⎫=
⎪
⎬⎛ ⎞ − ⎪⎜ ⎟Γ − ⎝ ⎠ ⎭

∫
                                                               

                                                              (1) 

The right Riemann-Liouville fractional 
derivative  

( )

( ) ( ) ( )11
t b

n b
n

t

D f t

d t f d
n dt

α

ατ τ τ
α

− −

⎫=
⎪
⎬⎛ ⎞− − ⎪⎜ ⎟Γ − ⎝ ⎠ ⎭

∫
                               (2)  

where α represents the order of the 
derivative such that n-1≤ α < n and Γ 
represents the Euler's gamma function. If α 
is an integer, these derivatives are defined in 
the usual sense; i.e.,  

( )a t
dD f t
dt

α
α ⎛ ⎞= ⎜ ⎟

⎝ ⎠
 

( )t b
dD f t

dt

α
α −⎛ ⎞= ⎜ ⎟

⎝ ⎠
 α = 1, 2, … 

Riemann-Liouville fractional derivatives 
have many properties. One of these 
properties is that the R-L derivative of a 
constant is not zero, namely: 

( )
( )1a t

t a
D A A

α
α

α

−−
=

Γ −
                               (3)  

Another property is that the R-L 
derivative of a power t has the following 
form:  

( )
( )

1
1a tD t tα η η αα

η α
−Γ +

=
Γ − +

                     (4)  

α > -1, 0η ≥  

Finally, the fractional product rule is 
given below: 

( )
0

 g   f 
 

i
j

a t a t j
j

d gD f D
j d t

α αα∞
−

=

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
∑     (5)  

Fractional Canonical Quantization 
in Radiation (Coulomb) Gauge 

Canonical quantization procedure 
amounts to the imposition of canonical 
commutation relations for the field variables 
and their canonically conjugate momenta. 
To quantize the free EM Lagrangian density 
in radiation (Coulomb) gauge, we will start 
to reformulate this Lagrangian density in 
fractional form using LRLFD procedure. 

( )( )

( )( )

( )( )2

1
2

1
2
1
2

j j

j

a ax x

j j
a t a t

j
a a tx

D D

D A D A

B D D A

α α

α α

α α

φ φ

φ

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥= +⎢ ⎥
⎢ ⎥
⎢ ⎥− +
⎢ ⎥⎣ ⎦

L        (6) 

where 

( )2 A  A  A
j j k

k k j
a x a x a xB D D Dα α α= −  
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,  i i
i

a ax x
D D Aα αφ  are the fractional 

gradient of scalar potential and vector 
potential, respectively. 

Using radiation (Coulomb) gauge 
0 , 0i

i
a x
D Aα ϕ= = , we get  

( )( )

( )( )

1
2
1
2 j j

j j
a t a t

i i
a ax x

D A D A

D A D A

α α

α α

⎫= ⎪⎪
⎬
⎪−
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L
                (7)  

From this definition of Lagrangian 
density, we obtain the fractional (E-L) 
equation by applying the general formula 
given by Agrawal [8] as:  

0
a x

x b

x b
a x

D
D

D
D

µ

µ

µ
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α
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ρ β
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L

L

L
         (8)  

For field variables ,i jA A  we get the 
equation: 

{ }
{ }

0 j
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j
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D D D A

D D A D A
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α α α
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Since φ=0, we get  
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              (10) 

Equation (9) represents the second non-
homogeneous Maxwell's equation in 
fractional form, where 

( )j
j

a a tx
D D Aα αφ− −  and 

( )j j
i i

a ax x
D A D Aα α−  are the fractional 

electric and magnetic fields, respectively. 

Equation (10) can be represented as wave 
equation: 

( ) 0j j
j

a a a t a tx x
D D D D Aα α α α− =          (11)  

where Aj is the vector potential which takes 
the plane wave solution. 

Then  
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where i
λε is the polarization vector which 

has the following properties: 

0i ik λε =       (13) 

i i
λ λ λλε ε δ+

′ ′=      (14) 

Here λ = 1, 2 is the polarization state and 
,   i ia aλ λ

+ are the creation and annihilation 
operators. 

To start the quantization process of the 
free EM Lagrangian density, we have to 
introduce the Hamiltonian density in 
fractional form using LRLFD as: 

i i j j
a t a tD A D Aα απ π+ −H = L          (15) 

But, 0iπ = , 
j

j j
a tj

a t

D A
D A

α
α

ππ ∂
= =
∂

  

Then  

( ) ( )221
2 j

j i
a t a x
D A D Aα α⎡ ⎤+⎢ ⎥⎣ ⎦

H =   (16) 

Using the definition j j
a tD Aαπ = , we 

get: 

( ) ( )221
2 j

j i
a x
D Aαπ⎡ ⎤+⎢ ⎥⎣ ⎦

H =    (17) 

We can generalize this formulation in 
fractional form in terms of η, γ as:  

( ) ( ),
1
2 j

i j
a x
D A

η γ

η γ π⎡ ⎤= +⎢ ⎥⎣ ⎦
H   (18) 

where ,  η γ  noninteger numbers. 

Using algebraic method in quantum 
mechanics:  

( ) ( )

( ) ( )

2 2
,

2 2

1
2

1
2

j

j

i j
a x

i j
a x

D A

D A

η γ

η γ

η γ

π

π

⎫⎡ ⎤
= + ×⎪⎢ ⎥

⎣ ⎦ ⎪
⎬

⎡ ⎤ ⎪−⎢ ⎥ ⎪⎣ ⎦ ⎭

H i

i

(19) 
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where  

( ) ( )2 21
2

k j
i i i j

a x
a D A

η γ

λε π
⎡ ⎤

= +⎢ ⎥
⎣ ⎦

i     (20) 

( ) ( )2 21
2

k j

i i
i j

a x
a D A

η γ

λε π
+ + ⎡ ⎤

= −⎢ ⎥
⎣ ⎦

i    (21) 

We construct the canonical commutation 
relations CCRs in fractional form: 

,k

k k

i i i i
k

i i i i i i i i
k k

a a

a a a a
λ λ

λ λ λ λ

ε ε

ε ε ε ε

+ +

+ + + +

⎫⎡ ⎤ = ⎪⎣ ⎦
⎬

− ⎪⎭
             (22) 

Using the definitions in equations (20) 
and (21), we obtain: 

( ) ( ) 22
, ,

2

k

j

i i i i
k

j i
a x

a a

D A

λ λ

ηγ

η γ

ε ε

π

+ + ⎫=
⎪
⎬⎡ ⎤

+ ⎪⎢ ⎥
⎣ ⎦⎭

i
H

  (23) 

( ) ( ) 22
, ,

2

k

j

i i i i
k

j i
a x

a a

D A

λ λ

ηγ

η γ

ε ε

π

+ + ⎫=
⎪
⎬⎡ ⎤

− ⎪⎢ ⎥
⎣ ⎦⎭

i
H

  (24)  

Substituting these results in equation 
(22), we get: 

( ) ( ) 22

,

,

k

j

i i i i
k

j i
a x

a a

D A

λ λ

ηγ

ε ε

π

+ + ⎫⎡ ⎤ =⎣ ⎦ ⎪⎪
⎬⎡ ⎤
⎪⎢ ⎥
⎪⎣ ⎦⎭

i
                       (25) 

( ) ( )2 2

,

,

k

j

i i i i
k

i j
a x

a a

D A

λ λ

η γ

ε ε

π

+ + ⎫⎡ ⎤ =⎣ ⎦ ⎪⎪
⎬⎡ ⎤

− ⎪⎢ ⎥
⎪⎣ ⎦⎭

i
   (26)  

Since ( )2j
γ

π  is the canonical momentum 

conjugate to the ( ) 2iA
η

 coordinate, we can 

write it as [3, 4] ( )
2

2

2

j h
i A

γ

γ

ηπ
⎛ ⎞∂⎜ ⎟=
⎜ ⎟

∂⎝ ⎠
. 

Then, the CCRs become like: 

( )
2

2

2

,

,

k

j

i i i i
k

i
a x

a a

hD A
A

λ λ

γ

η

η

ε ε+ + ⎫⎡ ⎤ =⎣ ⎦ ⎪
⎪⎡ ⎤⎪⎛ ⎞ ⎬⎢ ⎥∂⎜ ⎟− ⎪⎢ ⎥⎜ ⎟ ⎪⎢ ⎥∂⎝ ⎠ ⎪⎣ ⎦⎭

i
i

  (27)  

Rearranging this equation, we get: 

( ) ( )
2

2
2 2

2

,

,

k

j

i i i i
k

i
a x

a a F

hD A F
A

λ λ

γ
γ

η η

λ

ε ε+ + ⎫⎡ ⎤ =⎣ ⎦ ⎪
⎪⎡ ⎤ ⎪⎛ ⎞ ⎬⎢ ⎥∂⎛ ⎞ ⎜ ⎟− ⎪⎢ ⎥⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎪⎢ ⎥∂⎝ ⎠ ⎪⎣ ⎦ ⎭

i
i

  

(28) 

This means that  

( )
( )

( )

2

2

22
2

2

2

2

,k

j

i i i i
k

i

a x

i

a a F

A F
h AD

A F
A

λ λ

γ

η

λγ
η

γ

η

λ

ε ε+ +⎡ ⎤ =⎣ ⎦
⎧ ⎫

⎛ ⎞⎪ ⎪∂⎜ ⎟⎪ ⎪⎜ ⎟⎪ ⎪∂⎪ ⎝ ⎠ ⎪⎛ ⎞− ⎨ ⎬⎜ ⎟
⎝ ⎠ ⎪ ⎪⎛ ⎞ ⎡ ⎤∂⎪ ⎪⎜ ⎟− ⎢ ⎥⎪ ⎪⎜ ⎟ ⎣ ⎦⎪ ⎪∂⎝ ⎠⎩ ⎭

i
i

 
Using Leibniz rule to rewrite the second 

term in the square brackets, we obtain as in 
[ref. 20]: 

( ) ( )2 222 2 2 2, 2
0 22 2 2 2

r rhi i i i i ia a F D A F A Fa rk k jx r r rr AA A

γ γγγ η η ηγ
ε ε γ ηλ λ γ β

⎧ ⎫−⎛ ⎞⎪ ⎪∂ ∂ ∂⎛ ⎞ ⎛ ⎞+ +⎡ ⎤ ⎜ ⎟= − − ∑⎨ ⎬⎜ ⎟⎜ ⎟⎢ ⎥ ⎜ ⎟⎣ ⎦ ⎝ ⎠⎝ ⎠ = −⎪ ⎪⎝ ⎠ ∂∂ ∂⎩ ⎭

i
i

 

(29) 

As a special case, taking η = γ = 2, the 
CCRs reduce to the original relations like 

,k
i i i i

ka a

h F A FA F A
A A A

λ λε ε+ + ⎫⎡ ⎤ =⎣ ⎦ ⎪
⎬∂ ∂ ∂⎧ ⎫− ∇ − − ⎪⎨ ⎬∂ ∂ ∂⎩ ⎭⎭

i
i
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,k
i i i i

ka a h Fλ λε ε+ +⎡ ⎤ = ∇⎣ ⎦  

Finally, let us write the Hamiltonian 
density in terms of creation and annihilation 
operators.  

Since  

( ) ( )221
2 j

j i
a x
D Aαπ⎡ ⎤+⎢ ⎥⎣ ⎦

H =
 

Using these definitions we get  

( )

.
3

3
.1,2

( , )

2 2

k

k

i

i i ik x

i i
ik xk

A t x

a ed k

a e

λ

λ
λ

ε

π ω ε

−

+ +
=

⎫=
⎪⎪⎧ ⎫⎬⎪ ⎪

⎨ ⎬⎪
⎪ ⎪⎪+⎩ ⎭⎭

∑ ∫
 

( )
{ }

.
3

3
.1,2

( , )

2 2

k

k

j

i i ik x

i ik
ik xk

t x

a ed k i
a e

λ

λ
λ

π

ε
ω

π ω ε

−

+ +
=

⎫=
⎪⎪⎧ ⎫⎬⎪ ⎪

⎨ ⎬⎪
⎪ ⎪⎪−⎩ ⎭⎭

∑ ∫
 

( )
{ }

( )

.
3

3
.1,2

( , )
2 2 1

k

k

i i ik x

i i
i ia x

ik xk

a ed kA t x D A ik
a e

λββ β

βλ λ

ε

π ω ε

−

+ +
=

⎧ ⎫
⎪ ⎪∇ = = − ⎨ ⎬
⎪ ⎪+ −⎩ ⎭

∑ ∫  

 

Then  

,
1
2 k k

i i i i i i i i
k ka a a aη γ λ λ λ λε ε ε ε+ + + +⎡ ⎤= +⎣ ⎦H   (30) 

Also, we can obtain other CCRs like:  

, ,k k
i i i i i i i i

ka a a aλ λ λ λ λε ε ε ε ε+ + +⎡ ⎤ ⎡ ⎤=⎣ ⎦ ⎣ ⎦H  

, , k
i i i i i i i i i

k k ka a a aλ λ λ λ λε ε ε ε ε+ + + + + +⎡ ⎤⎡ ⎤ =⎣ ⎦ ⎣ ⎦H  

, , 0k k
i i i i i i i i

k ka a a aλ λ λ λε ε ε ε+ + + +⎡ ⎤ ⎡ ⎤= =⎣ ⎦⎣ ⎦  

Fractional Canonical Quantization 
in Lorentz Gauge 

As in the previous section, let us rewrite 
the electromagnetic Lagrangian density in 
Lorentz gauge 0a xD A

µ

α µ = . Here, we need 

a term containing the time derivative of φ in 
order to insure the existence of the 
canonically conjugate field π o . Fermi added 
this term to the electromagnetic Lagrangian 
density, so the electromagnetic Lagrangian 
density can be written in fractional form 
using LRLFD as:  

1
2

1
2

j

ii i

i
i

ji

l l

j
a t j a t a t j a x

i
a x a a x a tx

j
a x j a x

i
a x j a x

l l
a t a t a ax x

D A D A D A D

D D D D A

D A D A

D A D A

D D D A D A

α α α α

α α α α

α α

α α

α α α α

φ

φ φ φ

ξ φ φ

⎫⎡ ⎤−
⎪⎢ ⎥

+ − ⎪⎢ ⎥−
= ⎪⎢ ⎥

⎪+⎢ ⎥⎬⎢ ⎥⎪−⎢ ⎥⎣ ⎦⎪
⎪

⎡ ⎤− + ⎪⎣ ⎦ ⎭

L

                                                                 (31) 

where ξ  is a freely chosen parameter. 

The Euler- Lagrange equation for this 
Lagrangian formulation can be obtained 
using equation (8). 

For field variable φ, (E-L) equation takes 
the form:  

( )
0

ii

j
a t a t a x a a tx
D D D D D Aα α α α αξ φ φ ⎫+ − − ⎪

⎬
= ⎪⎭
                                                                 (32) 

This is similar to the first non-
homogeneous Maxwell's equation in free 
field except that there is an additional term 
coming from the added term to the EM 
Lagrangian density.  

Now, for the fields Ai, Aj, we obtain the 
other equation by the same method. Then we 
get:  

( )
{ }

0

i

j i j

l l

j
a t a a tx

a a j a ix x x

l
a ax x

D D D A

D D A D A

D D A

α α α

α α α

α α

φ

ξ

⎫− − −
⎪
⎪+ − ⎪
⎬
⎪+
⎪

= ⎪⎭

              (33) 

This equation is similar to the second 
Maxwell's equation in free field, and the 
only difference is the added term coming 
from the added term to the Lagrangian 
density. 
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After the preparations given above, the 
stage now is set for fractional quantization 
of this Lagrangian density. 

Using Feynmann gauge 1ξ = , the EM 
Lagrangian density takes the form: 

1  
2 a x a x

D A D Aµµ

α α ν
ν= −L                      (34)  

Now, using the definition of the 
Hamiltonian  

a tD Aµ α µπ −H = L  

we obtain  

{ }1   
2 iia x a x

D A D Aµ α ν α ν
µπ π +H = -   (35) 

This formulation can be generalized in 
fractional form as:  

( ) ( ){ },
1

2 ia x
D A

ηγ α ν
γ η µπ

−
+H =          (36) 

( ) ( ){ }2

,
 
2 ia x

D A
η γα ν

γ η µπ+
i

H =          (37) 

Using the algebraic method in quantum 
mechanics, we get:  

( ) ( )

( ) ( )

2 2
,

2 2

 
2

 
2

i

i

a x

a x

D A

D A

η γ
α ν

γ η µ

η γ
α ν

µ

π

π

⎫⎧ ⎫
+ ×⎨ ⎬ ⎪

⎩ ⎭ ⎪
⎬

⎧ ⎫ ⎪−⎨ ⎬ ⎪⎩ ⎭ ⎭

i
H = i

i
i

 

                                                                 (38) 

Let ,  k
i i i i

ka aλ λε ε + +  be the creation and 
annihilation operators:  

( ) ( )2 22

2
k j

i i
a xa D A

η γη

λ ν µε π
⎡ ⎤

= +⎢ ⎥
⎣ ⎦

i
i     (39) 

( ) ( )2 22

2 j

i i
k a xa D A

η γη

λ ν µε π+ + ⎡ ⎤
= −⎢ ⎥

⎣ ⎦

i
i  (40) 

Now construct the canonical 
commutation relations as:  

,k k k
i i i i i i i i i i i i

k k ka a a a a aλ λ λ λ λ λε ε ε ε ε ε+ + + + + +⎡ ⎤ = −⎣ ⎦  

Using the same procedure as in the 
previous section, we get: 

( ) ( )2 22, ,k j

i i i i
k a xa a D A

η γη

λ λ ν µε ε π+ + ⎡ ⎤
⎡ ⎤ = ⎢ ⎥⎣ ⎦

⎣ ⎦
i          

                                                                 (41) 

( ) ( )2 22,  ,k
j

i i i i
k a xa a D A

η γη

λ λ ν µε ε π+ + ⎡ ⎤
⎡ ⎤ = ⎢ ⎥⎣ ⎦

⎣ ⎦
i   

             (42) 

Since ( )2j
γ

π is the canonical conjugate to 

the ( )2jA
η

, we can write:  

( )
2

2

2

j h
i A

γ

γ

ηπ
⎛ ⎞∂⎜ ⎟=
⎜ ⎟

∂⎝ ⎠
 

( )
( )

2

2 2

2

,

 ,

k

j

i i i i
k

a x

a a

hD A
i A

λ λ

γ

η η

ν η

ν

ε ε + + ⎫⎡ ⎤ =⎣ ⎦ ⎪
⎪⎡ ⎤⎪⎛ ⎞⎢ ⎥⎬∂⎜ ⎟⎢ ⎥⎪⎜ ⎟⎢ ⎥⎜ ⎟ ⎪∂⎝ ⎠⎢ ⎥⎪⎣ ⎦⎭

i
        (43) 

Rearranging this equation, we get: 

( )
( )

2
2

2 2

2

,

,

k

j

i i i i
k

a x

a a F

h D A F
A

λ λ

γ
γ

η η

ν η

ν

ε ε + + ⎫⎡ ⎤ =⎣ ⎦ ⎪
⎪⎡ ⎤ ⎪⎛ ⎞⎢ ⎥ ⎬∂⎛ ⎞ ⎜ ⎟⎢ ⎥ ⎪⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎢ ⎥⎜ ⎟ ⎪∂⎝ ⎠⎢ ⎥ ⎪⎣ ⎦ ⎭

i
i

 

                                                                 (44) 

Using Leibniz rule, we obtain this 
equation as in [20] 

( )
( ) ( )

( )
( )

2 2
22

2 2 2

02 2 2

, 2k j

r
r

i i i i
k a x

rr

h Fa a F D A F A
A A Ar

γ γ
γγ

η η η

λ λ ν νη η η

ν ν ν

α
ε ε

−

+ +

=

⎧ ⎫
⎛ ⎞ ⎛ ⎞⎛ ⎞⎪ ⎪∂ ∂ ∂⎪ ⎪⎛ ⎞ ⎜ ⎟ ⎜ ⎟⎜ ⎟⎡ ⎤ = −⎨ ⎬⎜ ⎟⎣ ⎦ ⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎜ ⎟ ⎜ ⎟⎪ ⎪∂ ∂ ∂⎝ ⎠⎝ ⎠ ⎝ ⎠⎪ ⎪⎩ ⎭

∑i
i

 

(45) 
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As a special case η = γ = 2, then 

,k
i i i i

ka a F h Fλ λε ε + +⎡ ⎤ = − ∇⎣ ⎦  

Finally, to obtain the Hamiltonian density 
in terms of creation and annihilation 
operators, we start with the definition of 

,  A µ
µπ , where the vector potential A µ  can 

be expanded into plane waves as: 

( )

3 3

3
0

( , )

( )

2 2 ( )

ik x

ik x
k

A t x

a k ed k

a k e

λ

λ

µ

µ µ
λ

µ
µλ
λ

ε

π ω ε

− ⋅

+
+ ⋅=

⎫=
⎪⎪⎡ ⎤⎬⎢ ⎥⎪⎢ ⎥⎪+⎣ ⎦⎭

∑∫
(46) 

The canonically conjugate variable takes 
the form:  

( )

3 3

3
0

( , )

( )

2 2 ( )

ik x

k
ik x

k

t x

a k ed ki w
a k e

λ

λ

µ

µ µ
λ

µ
µλ
λ

π

ε

π ω ε

− ⋅

+
+ ⋅=

⎫=
⎪⎪⎡ ⎤⎬⎢ ⎥⎪⎢ ⎥⎪−⎣ ⎦⎭

∑∫

                                                                 (47) 

where k k kω = =o , λ = 0, 1, 2, 3 

(polarization state), 
λ

µε  is a set of 4 linearly 
independent vectors which may assume real. 

Then we get:  
3

0
  k kg a aλλ λ λ

λ

+

=

= −∑H    (48) 

where g λλ =1, -1,-1,-1 

We also found other commutation 
relations like:  

, ,k k k
i i i i i i i i

ka a a aλ λ λ λε ε ε ε + +⎡ ⎤ ⎡ ⎤=⎣ ⎦ ⎣ ⎦H  

, , k
i i i i i i i i

k k ka a a aλ λ λ λε ε ε ε+ + + + + +⎡ ⎤⎡ ⎤ =⎣ ⎦ ⎣ ⎦H  

, , 0k k
i i i i i i i i

k ka a a aλ λ λ λε ε ε ε+ + + +⎡ ⎤ ⎡ ⎤= =⎣ ⎦⎣ ⎦  

 

 

 

Appendix  

Gauge Invariance of Lagrangian 
Density 

The Lagrangian density for the fractional 
electromagnetic field L  is given by 
equation (6). Variation of L  with respect to 
the fractional potential Aµ  yields the 
fractional inhomogeneous Maxwell's 
equations. 

The potential Aµ  is not uniquely 
determined. A change of the potential of the 
type A Aµ µ µ′ = + ∂ Λ  leaves the 
electromagnetic field unchanged and 
therefore is called a gauge invariant ′ →L L  
[21]. 

We can rewrite equation (6) using the 
definition of the vector potential in 4 
dimensions as:  

, jA Aµ φ= , ,
ja x a t a xD D D

µ

α α α
µ∂ = = , Λ  

scalar function 

 1
2  

a x a x

a x a x

D A D A

D A D A

µµ

νµ

α α ν
ν

α α µ
ν

⎡ ⎤− ⎢ ⎥=
′⎢ ⎥−⎣ ⎦

L             (A-1) 

 1
2  

a x a x

a x a x

D A D A

D A D A

µµ

νµ

α α ν
ν

α α µ
ν

′ ′⎡ ⎤− ⎢ ⎥′ =
′ ′⎢ ⎥−⎣ ⎦

L           (A-2) 

where A Aν ν ν′ = + ∂ Λ , A Aµ µ µ′ = + ∂ Λ  

, ,µ ν λ  space-time dimension  

, ,i j k  space dimension 

( )

( )
( )

( )

 

1
2  

a x

a x

a x

a x

D A

D A

D A

D A

µ

µ

µ

ν

α
ν ν

α ν ν

α
ν ν ν

α µ µ

⎡ ⎤+ ∂ Λ ×
⎢ ⎥
⎢ ⎥+ ∂ Λ− ⎢ ⎥′ =
⎢ ⎥− + ∂ Λ ×
⎢ ⎥
⎢ ⎥+ ∂ Λ⎣ ⎦

L  

Then  
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( )
( )
( )
( )
( )
( )
( )
( )

 

 

 

 1
2  

 

 

 

a x a x

a x a x

a x a x

a x a x

a x a x

a x a x

a x a x

a x a x

D A D A

D A D

D D A

D D

D A D A

D A D

D D A

D D

µµ

µµ

µµ

µµ

νµ

νµ

νµ

νµ

α α ν
ν

α α ν
ν

α α ν
ν

α α ν
ν

α α µ
ν

α α µ
ν

α α µ
ν

α α µ
ν

⎡ ⎤
⎢ ⎥
⎢ ⎥+ ∂ Λ⎢ ⎥
⎢ ⎥
+ ∂ Λ⎢ ⎥
⎢ ⎥
+ ∂ Λ ∂ Λ⎢ ⎥− ⎢ ⎥′ =
⎢ ⎥−
⎢ ⎥
⎢ ⎥− ∂ Λ⎢ ⎥
⎢ ⎥
− ∂ Λ⎢ ⎥
⎢ ⎥
− ∂ Λ ∂ Λ⎢ ⎥⎣ ⎦

L     (A-3) 

which can be simplified into 

 1
2  

a x a x

a x a x

D A D A

D A D A

µµ

νµ

α α ν
ν

α α µ
ν

⎡ ⎤− ⎢ ⎥′ =
⎢ ⎥−⎣ ⎦

L       (A-4) 

So ′L = L  

That is the Lagrangian density. It is 
invariant under gauge transformation, which 
is the current (charge) is conserved. 

Conclusion 
The fractional quantization of field 

theory is not an easy task, especially when 
the fractional Hamiltonian is complicated. 
Here, we have quantized the free EM 
Lagrangian density in both radiation 
(Coulomb) gauge and Lorentz gauge. For 
the two cases, we obtained the Hamiltonian 
in terms of vector potential and also in terms 
of creation and annihilation operators, then 
we constructed the fractional canonical 
commutation relations. We have shown that 
the two gauges yield the same results, since 
the Hamiltonian reduces into a sum of 
uncoupled harmonic oscillator Hamiltonians 
for two cases. 
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Abstract: The electrical conductivity behaviour of two transparent conducting 
nanocomposite thin films made of nanoparticulate indium tin oxide (ITO) and carbon 
multiwall nanotubes (MWNTs) colloids deposited on a polycarbonate substrate was 
studied. The carbon MWNTs films exhibit a low critical threshold (0.083 vol. %) compared 
with that of the ITO films (0.19 vol. %). The surface morphology of the films shows 
stronger aggregation of the carbon MWNTs above the critical threshold. The elctrical 
conductivity obtained for the ITO films is 526 Sm-1, which is larger than that obtained for 
the carbon MWNTs films (65 Sm-1). The optical properties of ITO films show higher 
transmission in the visible range with a smaller transmission window than that of the 
carbon MWNTs. Both coatings show similar mechanical properties against abrasion with a 
very good adhesion on the plastic substrate. 
Keywords: Colloid; Electrical conductivity; Thin films; ITO nanoparticles; Carbon  nanotubes. 
PACS: 81.20.FW 
 

 
Introduction 

The electric conducting percolation 
behaviour in nanocomposite systems 
composed of mixtures of conducting and 
insulating species have gained an increasing 
interest due to their applications in thin film 
technology, e.g. for electromagnetic 
shielding, antistatic purposes and corrosion 
protection [1-5]. The electrical properties of 
such systems depend on the dispersion of the 
conducting fillers, their size and aggregate 
structure formed in the host insulating matrix 
[6-8]. These systems have poor electrical 
conductivity below a certain volume fraction 
of the conducting filler defined as the critical 
threshold, where there are no contacts 
between adjacent filler particles. Above the 
critical threshold, agglomerates are grown to 
reach a size which makes it possible for them 
to touch each other resulting in a formation of 
a conductive network within the insulating 

phase. To understand the network formation, 
there are many so-called percolation models. 
A review on various models was given by 
Lux [9] and Clerc et al. [10].  

Coating plastic substrates of functional 
layers is the aim of many researchers. In most 
applications, the layers must possess a 
combination of mechanical, electrical and 
optical properties as well. For example, low 
electrical conductivity (~ 10-4 Sm-1) to 
dissipate static charge build up is necessary 
besides high electrical transparency and good 
mechanical durability. However, because of 
their poor thermal stability, the deposition 
techniques available to coat such substrates 
are therefore limited. So, the route to get 
transparent conductive coatings on plastics is 
to use composites that can be fully treated at 
relatively low temperatures (T < 200 °C). The 
most used materials are conductive fillers 
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dispersed in an inorganic-organic matrix. 
Among the most important conducting 
materials, there are n-type oxide 
semiconductors (TCO) such as indium tin 
oxide (ITO) and fluorine or antimony doped 
tin dioxide (FTO, ATO) [8]. In2O3:Sn (ITO) 
has attracted the highest attention for its high 
conductivity though the relatively high price 
often limits its use. Conjugated polymers, 
such as polyaniline and polypyrrole, are 
among the best conducting polymers which 
are widely used as transparent conducting 
films [11, 12]. Carbon nanotubes are very 
interesting materials which drive remarkable 
scientific researches including chemistry, 
electronic transport, mechanical and field 
emission properties. The use of carbon 
nanotubes to impart electrical conductivity 
while maintaining high optical transparency 
is nowadays possible [13-15]. They have 
potential applications as catalyst supports, as 
cathodes in field emission displays and as 
electrodes [16]. The unique quality of this 
form of carbon is simple in that the individual 
particles possess the attributes of high 
electrical conductivity and high aspect ratio 
combined with a unique capability of forming 
ropes of individual particles. The 
combination of all these properties allows the 
formation of conductive networks through the 
materials with tunable electrical resistivity 
and good transparency. 

In this work, a comparative study between 
tin doped indium oxide (ITO) nanoparticles 
and carbon multiwall nanotubes as 
conductive fillers dispersed in an inorganic-
organic matrix and deposited on a plastic 
substrate at low temperature was conducted. 
The optical and mechanical properties of both 
systems are also given. 

Experimental 
Two coating sols were prepared to be 

deposited onto a polycarbonate (PC) 
substrate. The first one is alcoholic colloid 
based on crystalline ITO nanoparticles having 
an average crystallite size of 25 nm (cubic 
In2O3 cubic structure). ITO paste of 75 vol. % 
solid content was added to a 
Glycidoxypropyltrimethoxysilane (GPTS) 
under hydrolysis. The obtained sol was 
diluted with 1-Propanol in an ultrasonic bath. 
The loading ratio of ITO nanoparticles to the 

GPTS matrix was adjusted between 0.05 and 
0.9 vol. %.  

The second coating sol was an aqueous 
suspension containing carbon MWNTs from 
Nanocyl S.A as conducting filler with a solid 
content up to 10 mg / ml. The suspension was 
dispersed using a dispersion agent called 
hexaadecyl trimethyl ammonium chloride 
(HDTAC, Fluka, 98%) in doubly distilled 
water by mixing them under stirring in an 
ultrasonic bath, then supplied to a 
microfluidizer and pumped under 1700 bar 
pressure for 10 min. The obtained suspension 
was then added to the GPTS under hydrolysis 
to provide a range of carbon MWNTs loading 
from 0.05 to 0.6 volume fraction.  

Both sols were filtered and then deposited 
on 3 mm thick PC substrates using the spin 
coating techniques with a spinning speed of 
2000 rpm. The wet layers were dried for 
10 min at 40 °C and then heated in an oven 
for 30 min at a temperature of 130°C. 

The electrical properties of the films were 
characterized by measuring the sheet 
resistance (R) using a contactless non-
destructive system from Lehighton 
Electronics, Inc. The electrical resistivity (ρ) 
of the films was determined by ρ = R × t, 
where t is the thickness of the films, 
measured with a Tencor P-10 surface 
profilometer. The electrical conductivity (σ) 
is the reciprocal of ρ. 

For the analysis of the surface 
morphology, a White Light Interferometer 
(WLI) from Zygo New View 500 and SEM 
(JEOL 6400) were used.  

Concerning optical characteristics, a 
CARY 5E UV-VIS-NIR spectrophotometer 
(Varian) was used to measure the 
transmission of the coatings, using air as 
reference. 

Finally, the mechanical properties as 
adhesion and mechanical durability of the 
films were tested following standard 
procedures [17-19]. 

Results and Discussion 
The electrical conductivity behaviour of 

coatings deposited on PC substrates using 
spin coating method and heated at 130 °C for 
30 min as a function of the loading ratio of 
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the conducting fillers is shown for ITO 
nanoparticulate films (Fig. 1) and for carbon 
MWNTs films (Fig. 2). The maximum 
available loading ratio of carbon MWNTs 
was 0.6, as it was difficult to disperse more 
fillers in the colloid, because of the strong 
aggregation forming an unstable sol. In both 
layers, low electrical conductivity is observed 
at a small loading ratio which increases 
sharply at a certain loading ratio. However, it 
is observed that for carbon MWNTs films 
(Fig. 2) the increase of conductivity is 
sharper. At a higher loading ratio, the 
electrical conductivity increases smoothly 
and reaches a maximum value of (526 Sm-1) 
for ITO nanoparticulate films and (65 Sm-1) 
for carbon MWNTs films. This can be 
explained as a result of the higher content of 
the conductive filler which is avaliable in the 
ITO based film. 
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FIG. 1. The electrical conductivity of ITO based 

coatigs onto a PC substrate as a function of the 
loading ratio of the ITO nanoparticles. 
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 FIG. 2. The electrical conductivity of carbon 

MWNTs based coatings onto a PC substrate as 
a function of the loading ratio of the carbon 
MWNTs. 

 

The electrical conductivity of the 
nanocomposite coatings was described by the 
classical percolation model, as 

0 ( )s
cV Vσ σ= − 

where σ  is the direct electrical conductivity, 

0σ  is the proportionality constant which 
represents the intrinsic electrical conductivity 
of the conductive filler, V is the conductive 
filler volume fraction, Vc is the percolation 
threshold at which the conductivity of the 
composite starts to increase sharply and s is 
the critical conductivity exponent.  

To check if the composite conductivity 
follows the previous power law, a log-log 
plot of the electrical conductivity σ  and V-Vc 
is drawn as shown in Figs. 3 and 4. Fig. 3 
shows that the data for ITO nanoparticulate 
films would fit very well the power law. The 
threshold percolation loading ratio (Vc) which 
gives the best linear fit is 0.19. The s value is 
determined as the slope of the least square fit 
line which is found to be 1.3. Compared with 
the system of the carbon MWNTs, a well fit 
of the experimental data is found, however 
with much lower percolation threshold of 
0.083. The high aggregation of carbon 
nanotubes and their ability of forming ropes 
due to the van der Waal forces may explain 
the lower percolation threshold of the 
nanotubes system compared with that of the 
nanoparticulate system. It is observed that the 
nature of the conducting filler and the 
microstructure have a strong influence on the 
percolation threshold. The s value is found to 
be 1.2, which is close to the value found for 
the ITO nanoparticulate system. The 
exponent s measures the power of the 
conductivity increase above Vc. 
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FIG. 3. Log-log graph of the conductivity and V-

Vc for ITO based layers. 
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FIG. 4. Log-log graph fort the conductivity and V-

Vc for MWNTs layers. 

 The explanation for such behaviour is 
attributed to the contact between the adjacent 
conductive fillers. Fig. 5 shows SEM 
micrograph of surface morphology of the ITO 
nanocomposite layers deposited on a PC 
substrate with different loading ratios. In the 
region of Vc < 0.19 (Fig. 5-a), a tiny 
segregated cluster is observed, as there are no 
contacts between the nanoparticles which are 
distributed separately within the host 
insulating matrix. By rising the nanoparticles 
concentration above the threshold percolation 
(Fig. 5-b), they begin to agglomerate and 

touch each other forming a conductive 
network leading to a remarkable increase of 
the electrical conductivity of the coating. By 
further increment of the concentration of the 
ITO nanoparticles (Fig. 5-c), an observable 
morphology of the ITO network is shown 
which also results in an increase of the 
electrical conductivity of the film.  

Fig. 6 shows WLI images for the surface 
of carbon MWNTs composite coatings with 
different loading ratios. Fig. 6-a shows a WLI 
surface image for a coating containing only 
0.05 volume fraction of carbon MWNTs 
loading. It appears as an isolated cluster, 
which is different from the 0.15 volume 
fraction shown in Fig. 6-b, where an 
interconnected network of the nanotubes 
encapsulating within the insulating matrix 
appears on the surface. This interconnection 
explains the drastic increase of the electrical 
conductivity. Fig. 6-c shows the same image 
for 0.4 volume fraction, where a more 
homogeneous network of nanotubes was 
formed enhancing the electrical conductivity 
of the coatings. 

(a) (b) (c) 
FIG. 5. The SEM surface morphology of GPTS_ITO layers with different ITO loading ratios: (a) 0.05,  

(b) 0.2 and (c) 0.9. 

(a) (b) (c) 
FIG. 6. WLI of the surface of GPTS_MWNTs layers for: (a) 0.05, (b) 0.15 and (c) 0.4 carbon MWNTs 

loading ratio. 
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Optical Properties 

The transmission in the UV-VIS-NIR for 
the ITO based coatings and the carbon 
MWNTs on PC substrates was characterized 
as shown in Fig.7. Both coatings have a high 
transmission in the visible range; however 
that of ITO based layers shows higher 
transmission with smaller transmission 

window. Furthermore, the ITO layer exhibits 
a sharp decrease in transmision around 
λ = 1300 nm showing almost no transmission 
in the NIR range. The main effect of this 
behaviour is due to the high absorption peak 
related to the presence of free carriers. It is 
also observed that both coatings exhibit high 
absorption in the UV region. 
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FIG. 7. The optical transmission in the UV-VIS-NIR range for ITO based layer and carbon MWNTs layer 

onto a PC substrate. 

 

Mechanical Properties  

The mechanical stability of the coatings is 
also an important factor to be taken into 
consideration. Both films gave excellent 
adhesion on polycarbonate substrates when 
tested with the tape test procedure (DIN 
58196-K2). The resistance against abrasion 
was excellent according to the rubber test 
(DIN58196-G10). The hardness measured 
using the pencil test (ASTM D 3363–92a) 
ranged between 1H and 2H depending on the 
GPTS concentration with respect to the 
conducting fillers. 

 

 

 

Conclusion 

Nanocomposite thin films were deposited 
onto polymeric substrates using two coating 
colloids made of conductive ITO 
nanoparticles and carbon MWNTs. The 
electrical conductivity of both nanocomposite 
films exhibit a classical percolation law with 
a critical threshold of 0.083 for carbon 
MWNTs and 0.19 for ITO nanoparticles. The 
maximum obtained electrical conductivity for 
ITO films is 526 Ω-1.m-1, which is larger than 
that obtained for the carbon MWNTs films 
(65 Ω-1.m-1). The ITO films show higher 
transmission than that of carbon MWNTs 
ones. Both types of films exhibit good 
mechanical durability against abrasion and 
scratch.  
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Abstract: Multilayer Barium Strontium Titanate (BST) sol-gel films with molar formula 
BaxSr1-xTiO3 (x = 0.5, 0.7 and 0.8) are deposited on SiO2/Si substrates. The surface 
morphology and grain size are characterized via Atomic Force Microscope (AFM), 
showing the films to be uniform and crack-free. The average roughness, maximum peak to 
valley height, root mean square (RMS) roughness, ten-point mean height roughness, 
surface skewness and surface kurtosis parameters are used to analyze the surface 
morphology of the BST thin films. Generally, the results show that the surface roughness 
increases with decreasing Sr content with RMS roughness increasing from 4.77 nm to 6.52 
nm for films of 160.8 nm thickness as Sr content decreases. Surface roughness also 
increases with the film thickness, for x = 0.5, RMS roughness increases from 4.77 nm to 
13.33 nm as the film thickness increases from 160.8 nm to 446.8 nm. A similar trend for 
surface roughness is obtained, for all x values, as is for grain size. 
Keywords: BST; Thin film; Sol-gel; AFM; Surface roughness. 
PACS: 68.37.Ps; 68.55.J-; 81.20.Fw; 77.55.fe. 
 

 
Introduction 

Ferroelectric Barium Strontium Titanate 
(BST) thin films have been widely 
investigated as a potential material for use in 
microelectronic devices such as non-volatile 
random access memory (RAM) and 
ferroelectric field effect transistor (FeFET) 
due to its high dielectric constant, as well as 
relatively low dielectric loss tangent. 
Furthermore, its desirable pyroelectric and 
piezoelectric properties can be utilized for a 
variety of sensing applications [1, 2]. 
Therefore, a large number of studies have 
been conducted to improve the quality of 
BST thin films. An important factor in all the 
applications of BST is its surface structure. 
Hence, it is imperative to have a good 
understanding of the surface morphology of 
BST thin films for fabrication of advanced 
microelectronics devices [3]. 

Surface morphology plays an important 
role in various areas of science and 

technology [4]. It can be used to understand 
many fundamental problems such as friction, 
contact deformation, heat and electric current 
conduction [5]. There are many parameters 
used to evaluate the surface roughness. These 
parameters are categorized into three groups: 
amplitude, spatial and hybrid parameters; 
however, the most important group is the 
amplitude parameters [6]. 

Relatively few studies have focused on the 
surface roughness of BST thin films. C. Fu et 
al. showed that the grain size and surface 
roughness increase as the annealing 
temperature increases [7]. Wencheng Hu et 
al. reported that BST film surface roughness 
increases with the concentration of precursor 
solutions [8]. In this work, BST thin films of 
different Ba:Sr content and different film 
thicknesses are prepared by the sol-gel 
technique, and the surface roughness and the 
grain sizes for these films are determined 
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using an atomic force microscope (AFM). A 
comprehensive analysis of the BST surface 
properties using parameters such as the 
average roughness, maximum peak to valley 
height, root mean square roughness, ten-point 
mean height roughness, surface skewness and 
surface kurtosis is made. These are 
parameters that allow insight into the surface 
properties and quality. 

BST Films Preparation 
Different values of Ba:Sr content, x, of the 

BaxSr1-xTiO3 solutions were prepared by sol-
gel method. Barium acetate, strontium acetate 
and titanium (IV) isopropoxide were used as 
starting materials, with glacial acetic acid and 
2-Methoxyethanol as solvents. Specific 
amounts of barium acetate and strontium 
acetate were dissolved in 10 ml heated acetic 
acid to obtain the Ba-Sr solution. A 
stoichiometric amount of titanium (IV) 
isopropoxide was added to 4ml 2-
Methoxyethanol to get a separate solution. 
Both solutions were then mixed and refluxed 
separately with the Ba-Sr solution being drip-
added to the titanium solution. The final 
mixture was magnetically stirred at 400 rpm 
for two hours and refluxed to get a thick 
solution, which was filtered using a nylon 
microfiber filter. Three different solutions 
with Ba:Sr proportions of 50:50, 70:30 and 

80:20 were prepared, and labeled BST50, 
BST70 and BST80, respectively. 

BST thin films were spun layer by layer 
on SiO2/Si substrates with a specific heating 
procedure. For each layer, the as-deposited 
BST thin film was baked at 200 °C for 20 
min to vaporize the organic solvents. Then, it 
was heated at 500 °C for 30 min in an O2 
atmosphere before the next layer was spun-
on. This process was repeated until four 
layers were deposited. Finally, the BST films 
were annealed at 800 °C for 1 h in an O2 
atmosphere. Films with one, two, three and 
four layers for each Ba:Sr ratio were prepared 
with the same procedure. 

Measuring Method 
The AFM (SPA400, SII Nanotechnology, 

Inc.) was operated in contact mode, with a 2.9 
µm high tip, less than 20 µm in radius and 
with a cone angle less than 70˚. There are two 
cantilevers, denoted as A and B, with 
individual parameters as summarized in Table 
1. In contact mode scanning, the low spring 
constant of the cantilever, which is less than 
the effective spring constant holding the 
atoms of the sample together, allows the tip to 
trace across the sample gently providing high 
resolution image of the surface compared to 
tapping mode. 

TABLE 1. The dimensions and the mechanical properties of the cantilevers used. 
 Cantilever A Cantilever B 

Length (L/µm) 200  100 
Width (W/µm) 166 (base) to 6 (head) 106 (base) to 6 (head) 
Thickness (t/µm) 0.4  0.4  
Resonance frequency (kHz) 11  34  
Spring constant (N/m) 0.02  0.08  

 
In order to completely characterize the 

surface, at least 3 images, with an area of 10 
µm × 10 µm using cantilever A and scanned 
at 2 Hz, were recorded for different positions 
to avoid the edge effect. However, for grain 
size investigation, the measurement area was 
reduced to 500 nm × 500 nm with cantilever 
B and a 2 Hz scan speed. Specific roughness 
parameters were extracted using Gwyddion 
software [9]. 

 

 

In order to measure the film thickness, the 
films were partially dipped in diluted 
hydrofluoric acid (HF); the resulting step-
profile thickness was measured with a stylus 
profilometer. The thicknesses of one, two, 
three and four layers of BST50 films were: 
149.5 nm, 226.6 nm, 356.8 nm and 435.2 nm, 
respectively, and for BST70 films: 160.8 nm, 
235.6 nm, 368.5 nm and 446.8 nm, 
respectively, and for BST80 films: 165.4 nm, 
247.1 nm, 374.6 nm and 449.3 nm, 
respectively. However, the BST70 values 
were taken as the reference benchmark for all 
of the BST ratios in this article. 
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AFM Amplitude Analysis 

The amplitude parameters of a sample are 
described by parameters which give 
information about statistical average values, 
shape of the histogram heights and other 
extreme properties. 

The average roughness (Ra) is the mean 
height as calculated over the entire measured 
length/area. Maximum peak to valley height 
roughness (Rt) is the vertical distance 
between the highest and lowest points in the 
evaluated length/area and describes the 
overall roughness of the surface. Root mean 
square (RMS) roughness (Rq) is the square 
root of the distribution of surface height and 
is considered to be more sensitive than the 
average roughness for large deviations from 
the mean line/plane and is also used in 
computing the skew and kurtosis parameters. 
Ten-points mean height roughness (Rz) is the 
difference in height between the average of 
five highest peaks and five lowest valleys in 
the evaluation profile/surface and is more 
sensitive to occasional high peaks or deep 
valleys than Ra. Roughness skewness (Rsk) is 
used to measure the symmetry of the 
variations of a profile/surface about the mean 
line/plane and is more sensitive to occasional 
deep valleys or high peaks. Usually, Rsk is 
used to distinguish two profiles of the same 
Ra or Rq values but of different shapes. 
Roughness kurtosis (Rku) is used to measure 
the distribution of the spikes above and below 
the mean line/plane. 
 

Results and Discussion 
The microstructure, such as the grain size 

and the surface roughness, is one of the key 
parameters determining the electrical 
properties of high dielectric constant thin 
films [10]. The electrical properties of BST 
thin films are closely linked to the 
microstructure of the films such as grain size, 
cracks, pinholes and roughness [11]. Hence, 
if the grain size of the BST thin films is large, 
the dielectric constant may be similar to that 
of the bulk BST [12]. 

Conventional Metal-Ferroelectric Metal 
(MFS) structures have many problems such 
as difficulty in depositing ferroelectric thin 
films directly on silicon, high trap densities 
and diffusion of elements into silicon. 
However, incorporating MFS structures in 
standard CMOS processes will benefit from 
the usage of Si-substrates and plethora of 
established techniques for reduced fabrication 
cost. A possible solution for these problems is 
to use a buffer layer between the ferroelectric 
thin film and silicon [13]. SiO2 layer has been 
used as the buffer in this research. Fig. 1 
shows the cross-sectional view of BST80 
film, 446.8 nm in thickness.  

Fig. 2 shows the three-dimensional AFM 
micrographs of the surface of BST50, BST70 
and BST80 single layer films with 160.8 nm 
thickness. The micrographs reveal that the 
films do not show continuous long trenches 
or blotches, which are indicative of a crack 
free and pinhole-free surface. 

 
FIG. 1. SEM micrograph of the cross-section of BST80 film deposited on SiO2/Si substrate. 
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(a) (b) 

 
                                          (c) 
FIG. 2. Three dimensional AMF micrograph for a) BST50, b) BST70 and BST80 thin films with 160.8 

nm thickness. 
 

The variations of the root mean square 
roughness (Rq) of the BST50, BST70 and 
BST80 films as a function of the film 
thickness are shown in Fig. 3. The RMS 
roughness increases with film thickness 
almost linearly, as well as with increasing Ba 

content. The increase in Rq for high Ba 
content films is due to the size difference 
between Ba2+ ions (r = 0.135 nm) and Sr2+ 
ions (r = 0.113 nm). The rest of the roughness 
parameters of the tested samples is 
summarized in Table 2. 
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FIG. 3. Variations of the root mean square roughness for different thicknesses of BST films (BST50, 

BST70 and BST80). 
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Table 2 illustrates that the variations of the 

average roughness values (Ra) and ten-point 
mean height (Rz) values have the same trend 
as the variations of RMS roughness (Rq) 
values for all molar ratios and thicknesses. 
Maximum peak to valley height (Rt) is also 
considered a very important parameter 
because it gives a good description of the 
overall roughness of the surface. The results 
from the Table show that Rt is high for 
BST70 and BST80 compared to BST50, 
which means that the surface roughness 
increases with Ba content, indicating that as 
Ba content increases bigger individual unit 
cells lead to larger clumps of grains. Rt also 
shows notable increments as the film 
thickness of BST50 increases. BST70 and 
BST80 samples lack this trend for films with 
three and four layers. The Table also shows 
that for high values of Rt, Rz is also high due 
to the strong dependence of Rz on the peak 
heights / valley depths. Rz is mathematically 
given by the following formula [5]: 

n n

z i i
i 1 i 1

1R P V
n = =

⎛ ⎞= −⎜ ⎟
⎝ ⎠
∑ ∑                              (1) 

where n is the number of sampling points 
along the assessment length, which is 5 in this 
study, Pi is the height of the i-th peak and Vi 
is the depth of the i-th valley with respect to 
the line profile. 

In addition, Rq values for all the samples 
are higher than Ra values, which can be 
mathematically explained according to the 
following equations [5]. 

L

a
0

1R y(x) . dx
L
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( )
L

2
q

0

1R y(x) . dx
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where L is the length of the profile on the x-
axis used for measurement and y(x) is the 
variation of the height from the profile line 
for each data point. 

TABLE 2. The roughness parameters of BST50, BST70 and BST80 at different thicknesses. 

Sample Thickness 
(nm) 

Ra 
(nm) 

Rt 
(nm) 

Rq 
(nm) 

Rz 
(nm) Rsk Rku 

BST50 

160.8 3.65 27.6 4.77 16.43 0.35 3.93 
235.6 4.65 38.9 6.11 20.94 -0.25 3.19 
368.5 9 59.4 11.4 34.69 0.19 3.60 
446.8 10.59 65.4 13.33 43.8 0.43 3.08 

BST70 

160.8 4.33 29.6 5.47 17.94 0.14 3.21 
235.6 5.25 36.81 6.72 21.41 0.25 3.57 
368.5 9.16 124 12 48.4 1.37 11.17 
446.8 11.2 95.4 14.7 56.2 0.21 5.85 

BST80 

160.8 5.14 32.5 6.52 22.1 0.46 3.36 
235.6 6.6 45.1 8.4 24.2 0.325 3.38 
368.5 9.7 116.7 14.2 57.2 -0.05 8.77 
446.8 13.4 92.41 17 58.47 0.29 3.34 

 
In Table 2, negative values of the 

skewness indicate that the valleys are 
dominant over the scanned area and positive 
values show that the peaks are dominant on 
the surface. Continued negative values would 
indicate cracks, representative of valleys. The 
distribution of positive and negative values 
indicates the existence of protruding grains. 
For kurtosis, an Rku below three shows that 
the distribution over the scanned area has 
relatively few high peaks and low valleys, 
which means a bumpy surface. When Rku is 

more than three, the distribution will have 
relatively higher numbers of high peaks and 
low valleys, characteristic of a spiky surface 
[5]. The results of skewness and kurtosis 
show that the BST surface generally is spiky 
with peaks being dominant. Films with high 
Rku values have high Rt and Rz values as well. 
This is due to the strong relation between 
these parameters, where Rku is, 
mathematically, directly related to the peak 
heights and valley depths according to the 
following formula [5]. 
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where Rq is the RMS roughness parameter 
and Yi is the height of the profile at point 
number i. 

Fig. 4 shows a two-dimensional AFM 
micrograph with 500×500 nm2 scanned area 
for different thicknesses of BST50, BST70 
and BST80 films. The grain distribution is 
uniform for all three types. The values of the 

grain sizes for BST50, BST70 and BST80 
films are plotted against film thickness, as 
illustrated in Fig. 5. It is clearly seen that the 
grain size increases with increasing Ba 
content and film thickness. The increase of 
the grain size in high Ba content films is due 
to the fact that Ba has a larger ionic radius 
which causes a larger crystalline unit cell, 
which in turn causes larger clumps of unit 
cells or grains.  

 
(a) (b) 

 
                                      (c) 

FIG. 4. Two-dimensional AFM micrograph of a) BST50, b) BST70 and c) BST80 films showing the 
distribution of the grains. 
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FIG. 5. The variation of grain size with film thickness for different Ba-Sr molar contents. 

 

Adding Sr2+ ions to BST changes the unit 
cell volume, where Strontium ions are 
introduced at the A site of the perovskite 
matrix and enter substitutionally into the Ba2+ 
ion sites [14]. The small size of Sr2+ ions 
causes the unit cell to become smaller. This 
substitution of ions will also affect the 
dielectric and electrical properties of BST. As 
the number of Sr2+ ions increase in the lattice, 
a smaller unit cell will be obtained which 
leads to smaller grain growth during 
annealing. The bright grains appearing in the 
AFM images in Fig. 4 represent grains closer 
to the surface. 

The increase in surface roughness and 
grain size with the increase in film thickness 
is due to grain growth during the deposition 
and annealing process of the layers. During 
deposition, the film is heated at 500 ˚C for 30 
min after each layer, this temperature is 
enough to grow the BST grains, so the next 
layer deposition is carried out over films with 
established grain boundaries and the solution 
is randomly spread over all these grains, so 
bigger grains will be obtained after the 
heating and annealing of the new layer. 

The results of the surface roughness and 
the grain size show that their values can be 
controlled by adjusting the Ba-Sr ratio and 
the number of layers deposited. Furthermore, 
changing the number of layers deposited has 
a more significant effect on grain size than 
that due to Ba-Sr ratio (for the same 
thickness). 

Conclusion 
Multilayer Barium Strontium Titanate 

(BST) films with the molar formula      
BaxSr1-xTiO3 (x = 0.5, 0.7 and 0.8) have been 
fabricated on SiO2/Si substrates by sol-gel 
technique. The surface morphology and the 
grain size are characterized via Atomic Force 
Microscope (AFM). The results show that the 
sol-gel technique has a high efficiency in 
fabricating high quality BST thin films on 
SiO2/Si substrates, as shown by the very 
dense, crack-free films formed with low 
surface roughness and possessing relatively 
large grain sizes. Generally, the surface 
roughness increases as Sr content decreases 
(1-x value), where the root mean square 
roughness increases from 4.95 nm to 6.9 nm 
for films of 160.8 nm thickness as Sr content 
decreases. The surface roughness also 
increases as the number of layers (film 
thickness) increases, for x = 0.5, RMS 
roughness increases from 4.95 nm to 13.5 nm 
as the film thickness increases from 160.8 nm 
to 446.8 nm. A similar trend for surface 
roughness is obtained, for all x values, as is 
for grain size. The values of surface 
roughness and grain size can be controlled by 
adjusting the Ba-Sr ratio and the number of 
deposited layers. Surface roughness and grain 
size for all samples show a direct relation 
between each other where the surface 
roughness shows an increasing trend as the 
grain size increases. The BST surface is 
dominated by peaks with lots of high peaks 
and low valleys. 
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Abstract: Recent theoretical and experimental studies demonstrated the ability of space 
technologies to identify and monitor the specific variations at near-earth space plasma and 
atmosphere associated with approaching severe earthquakes, named as earthquake 
precursors, which appear several days before the seismic shock over the seismically active 
areas [1]. 

This paper aims at determining the relationship between ionosphere scintillation of 
radio waves and earthquakes. 

Data for GPS (Global Positioning System) S4 index have been examined through spatial 
and temporal correlation. The results showed that the pre-seismic activity can be 
considered as a source of ionosphere scintillation. 
Keywords: Space plasma; Ionosphere; Scintillation; Earthquakes. 
PACS: 94.05-a, 94.20-y, 91.30 px. 
 

 
Introduction 

Earthquakes are the most fatal natural 
disasters. Natural tectonic earthquakes are 
uncontrollable by humans. Therefore the best 
way to avoid these natural disasters is to 
predict their occurrence and take precautions. 
There are many indications that can be 
observed before an earthquake strikes. These 
are called precursors. According to Pulinets 
and his collaborators [2, 3], the scale height 
changes in the vertical distribution of ions 
and electrons within the F-layer of ionosphere 
are due to seismogenic effects.  

The critical frequency foF2 layer data are 
analyzed with upper and lower bound of 
inter-quartile range (IQR) and the observed 
anomalous changes are related to 
geomagnetic disturbances [4]. The results of 
the study show some unusual perturbations 
observed in critical frequency foF2 region, 1–
25 days before and 2–3 days after the main 
shock.  

An additional study shows that critical 
frequency is reduced both in the pre- and 
post-midnight hours 0 – 4 days and 1–15 days 

before the occurrence of earthquakes, 
respectively. The reduction varies between 
24% and 35% in the pre-midnight sector and 
between 18% and 30% in the post-midnight 
sector [5]. 

The mechanism of ULF (Ultra Low 
Frequency) geomagnetic oscillations is based 
on the formation of periodic structure of 
ionosphere conductivity due to acoustic 
gravity wave instability stimulated by electric 
field enhancement in the ionosphere [6].  

The wave measurements detected by the 
SORS (Solar Radio Spectrometer) instrument 
in the 0.1–15 MHz frequency range, as well 
as the gamma ray fluxes in the energy ranges 
of 0.12–0.32 and 3.0–8.3 MeV, detected by 
the SONG (Solar Neutron and Gamma Rays 
Device) instrument, located on the low 
orbiting satellite CORONAS-I (Complex 
Orbital Near-Earth Observations of the Solar 
Activity) were used to present the ionosphere 
plasma response to strong seismic activity on 
31.03.1994 during quiet geomagnetic 
conditions and on 6.04.1994 during a 
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geomagnetic storm period [7]. In order to 
better understand the physical conditions and 
the physical processes in the ionosphere 
plasma, the characters of typical ionosphere 
parameters are registered by a network of 
ground-based ionosondes [8].  

In this paper, the ionosphere scintillation 
index S4 is thoroughly examined to determine 
the relationship between scintillation and 
occurrence of seismic activities. The GPS 
observations were carried out at a frequency 
of 1.575 GHz. We tested S4 index on 3 
separate earthquakes in Indonesia, as well as 
an earthquake in the United States. In the 
following section, data and results are 
presented. Then, an analysis of the observed 
correlation is presented. The conclusion is 
presented in the last section. 

Data and Results  
The S4 index is a statistical parameter; 

namely the standard deviation of the received 
power of the signal coming from GPS 
satellite passing through the ionosphere 
normalized by its mean value. 

P

PP
S

2
122

4

)( −
=   

where P is the received power of the signal 
coming from the satellite. It is the most 
commonly used parameter for indicating the 
intensity variation.  

The severity of the earthquake can be 
described according to Dobrovolsky’s 
empirical formula [9] 

kmM43.010=ρ    

where ρ is the radius of the preparation zone 
of the earthquake and M is the earthquake's 
magnitude. Previously, no earthquake 
severity under a magnitude of 6.0 was tested. 
This is due to the fact that an earthquake of a 
magnitude of 6.0 or lower cannot generate 
enough impact to affect the ionosphere [2].  

For data collection, the following steps are 
completed. 

1. We determine the coordinates 
(longitude/latitude) of the GPS receiver's 
location. 

2. We collect information of earthquakes 
within a circular region with a radius of 
about 7000 km, its median point being the 
GPS receiver, using Earthquake Hazard 
Program [10]. The lower limit of 
earthquake's magnitude M = 6 is adopted.  

3. Upon selection of the earthquake that 
affects the GPS receiver, we compare the 
distance between the earthquake's center 
and the location of the GPS receiver. On 
the other hand, we estimate the radius of 
the region affected by the earthquake 
(according to Dobrovolsky’s formula [9]). 
When both distances are comparable, we 
include that earthquake in our analysis. 
Following this procedure, just few 
earthquakes are selected, which are shown 
with their characteristics in Table 1. 

4. As for S4 index, data are available from 
GPS Scintillation Data in Indonesia web 
site which belongs to Solar-Terrestrial 
Environment Laboratory/ Nagoya 
University [11]. Additional data are 
available from the web site that belongs to 
Bear Lake Observatory/ Utah State 
University [12]. 

TABLE 1. Characteristics of the selected earthquakes.  
Distance from 
receiver (km)Magnitude Longitude 

in degrees 
Latitude 

in degrees Time Date Number 

180 6.0100.49-1.56 6:46 22/2/2004 1 
245 6.1 97.82 0.41 8:28 11/5/2004 2 
517 7.3 103.98 -2.43 14:35 25/7/2004 3 

1228 7.2 -125.95 41.29 2:51 15/6/2005 4 
 
The severe scintillations with S4 > 0.5 are 

selected.  

If we attempt to analyze data from 
earthquakes in a period of time that is too 
long, we will not be able to see the deeper 

details. On the other hand, if we take a look at 
data from earthquakes in a period of time that 
is too short, we will not be able to collect 
enough information. We have found that a 
two-to three-month period of time proves to 
be an excellent interval. 
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For the earthquake in Indonesia that 
occurred on 22/2/2004, S4 data were collected 
for the period between 1/1/2004 and 1/3/2004 
(Table 2), and those of Indonesia earthquake 
of 11/5/2004 were collected for the period 
between 1/3/2004 to 31/5/2004 (Table 3). 
With respect to Indonesia earthquake of 

25/7/2004, S4 data were selected for the time 
interval between 1/6/2004 and 31/8/2004 
(Table 4). Those of Utah State earthquake of 
15/6/2005 were collected between 1/5/2005 
and 31/7/2005 and are presented in Table 5. 
Columns of Tables 1 to 5 are self-
explanatory.  

TABLE 2. Number of severe scintillations for the period from 1/1/2004 to 1/3/2004 which 
includes Indonesia earthquake of 22/2/2004.  

No. of severe 
scintillations Date No. of severe 

scintillations Date 

4 3 2 1 
71/2/2004 81/1/2004 
92/2/2004 42/1/2004 
73/2/2004 23/1/2004 
64/2/2004 24/1/2004 
125/2/2004 55/1/2004 
106/2/2004 16/1/2004 
137/2/200437/1/2004 
148/2/2004 28/1/2004 
149/2/2004 59/1/2004 
1810/2/2004410/1/2004 
2111/2/2004611/1/2004 
1912/2/2004412/1/2004 
1813/2/2004513/1/2004 
1614/2/2004414/1/2004 
1515/2/2004415/1/2004 
1416/2/2004416/1/2004 
1417/2/2004317/1/2004 
1618/2/2004718/1/2004 
n.a.19/2/2004519/1/2004 
1320/2/2004520/1/2004 
1821/2/2004821/1/2004 
1922/2/2004822/1/2004 
1323/2/2004623/1/2004 
1324/2/2004524/1/2004 
1325/2/2004725/1/2004 
1526/2/2004526/1/2004 
927/2/2004n.a.27/1/2004 
728/2/2004n.a.28/1/2004 
71/3/2004 630/1/2004 
  531/1/2004 

 

The relationships between scintillation S4 
indices (left axis), earthquake magnitude 
(right axis) and time for Indonesia 
earthquakes on 22/02/2004, 11/05/2004 and 
25/07/2004 are presented in Figure 1, based 
on Tables 2 to 4. Figure 2 shows the same 
relationships for Utah earthquake based on 
Table 5. The tight correlation between 
occurrence of earthquakes and severity of 
ionosphere scintillation is evident.  

From (Figs. 1 and 2), we can see that the 
daily number of occurrences for severe 
scintillations begins to increase 
approximately two weeks before the main 
shock, as well as a few days after it. This is 
due to the fact that there are pre-seismic 
activities preceding the earthquake, as well as 
relay waves (acoustic waves that travel 
through the atmosphere and reach the 
ionosphere) following the earthquake. 
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FIG. 1. The relationship between the number of severe scintillations (left axis) represented by circles and 

the magnitude of an earthquake (right axis) represented by squares. The results for Indonesia 
earthquakes of 22/2/2004, 11/5/2004 and 25/7/2004 are presented.   

 

 
FIG. 2. The relationship between the number of severe scintillations (left axis) represented by circles and 

the magnitude of an earthquake (right axis) represented by squares. Shown are the results for Utah 
State earthquake of 15/6/2005. 
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TABLE 3. Number of severe scintillations for the period from 1/3/2004 to 31/5/2004 
which includes Indonesia earthquake of 11/5/2004.  

No. of severe 
scintillations Date No. of severe 

scintillations Date 

4 3 2 1 
9 16/4/20048 1/3/2004 

n.a.17/4/20048 2/3/2004 
6 18/4/20047 3/3/2004 
3 19/4/20048 4/3/2004 
4 20/4/20047 5/3/2004 
9 21/4/20048 6/3/2004 

11 22/4/20043 7/3/2004 
10 23/4/20041 8/3/2004 
10 24/4/20043 9/3/2004 
7 25/4/20044 10/3/2004 
9 26/4/20042 11/3/2004 
4 27/4/200410 12/3/2004 

15 28/4/20045 13/3/2004 
12 29/4/20044 14/3/2004 
15 30/4/20046 15/3/2004 
14 1/5/2004 6 16/3/2004 
10 2/5/2004 6 17/3/2004 
12 3/5/2004 6 18/3/2004 
15 4/5/2004 3 19/3/2004 
14 5/5/2004 5 20/3/2004 
11 6/5/2004 4 21/3/2004 
14 7/5/2004 9 22/3/2004 
15 8/5/2004 4 23/3/2004 
16 9/5/2004 5 24/3/2004 
18 10/5/20047 25/3/2004 
15 11/5/20046 26/3/2004 
n.a.12/5/20042 27/3/2004 
10 13/5/20048 28/3/2004 
11 14/5/20046 29/3/2004 
13 15/5/20048 30/3/2004 
6 16/5/20047 31/3/2004 

12 17/5/20046 1/4/2004 
13 18/5/20045 2/4/2004 
9 19/5/20047 3/4/2004 

10 20/5/20044 4/4/2004 
9 21/5/20048 5/4/2004 
8 22/5/200410 6/4/2004 

12 23/5/200410 7/4/2004 
9 24/5/20048 8/4/2004 

14 25/5/20047 9/4/2004 
8 26/5/20045 10/4/2004 
8 27/5/20047 11/4/2004 

n.a.28/5/20048 12/4/2004 
n.a.29/5/20048 13/4/2004 
n.a.30/5/20047 14/4/2004 
6 31/5/20048 15/4/2004 
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TABLE 4. Number of severe scintillations for the period from 1/6/2004 to 31/8/2004 which 
includes Indonesia earthquake of 25/7/2004.  

No. of Severe 
scintillations Date No. of Severe 

scintillations Date 

4 3 2 1 
12 17/7/200415 1/6/2004 
17 18/7/20049 2/6/2004 
23 19/7/20047 3/6/2004 
19 20/7/2004n.a.4/6/2004 
22 21/7/20048 5/6/2004 
19 22/7/20043 6/6/2004 
19 23/7/20043 7/6/2004 
20 24/7/20044 8/6/2004 
17 25/7/20048 9/6/2004 
22 26/7/20049 10/6/2004 
24 27/7/20044 11/6/2004 
18 28/7/20048 12/6/2004 
24 29/7/20049 13/6/2004 
20 30/7/2004n.a.14/6/2004 
14 31/7/20049 15/6/2004 
17 1/8/2004 10 16/6/2004 
24 3/8/2004 n.a.18/6/2004 
15 4/8/2004 7 19/6/2004 
18 5/8/2004 7 20/6/2004 
14 6/8/2004 7 21/6/2004 
n.a.7/8/2004 6 22/6/2004 
20 8/8/2004 10 23/6/2004 
21 9/8/2004 7 24/6/2004 
18 10/8/20049 25/6/2004 
12 11/8/20045 26/6/2004 
14 12/8/20049 27/6/2004 
14 13/8/200414 28/6/2004 
13 14/8/20048 29/6/2004 
16 15/8/20049 30/6/2004 
n.a.16/8/20048 1/7/2004 
0 17/8/20046 2/7/2004 
2 18/8/20046 3/7/2004 

n.a.19/8/200417 4/7/2004 
n.a.20/8/200411 5/7/2004 
2 21/8/200412 6/7/2004 
0 22/8/20047 7/7/2004 
2 23/8/200412 8/7/2004 
2 24/8/2004n.a.9/7/2004 
2 25/8/200414 10/7/2004 
3 26/8/200412 11/7/2004 
5 27/8/2004n.a.12/7/2004 
3 28/8/2004n.a.13/7/2004 
2 29/8/2004n.a.14/7/2004 
1 30/8/200411 15/7/2004 

n.a.31/8/200421 16/7/2004 
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TABLE 5. Number of severe scintillations for the period from 1/5/2005 to 31/7/2005 which 
includes Utah State earthquake of 15/6/2005.  

No. of severe 
scintillations Date No. of severe 

scintillations Date 

4 3 2 1 
13 16/6/2005 n.a.1/5/2005 
12 17/6/2005 1 2/5/2005 
13 18/6/2005 1 3/5/2005 
12 19/6/2005 2 4/5/2005 
14 20/6/2005 4 5/5/2005 
15 21/6/2005 5 6/5/2005 
13 22/6/2005 8 7/5/2005 
14 23/6/2005 4 8/5/2005 
10 24/6/2005 3 9/5/2005 
13 25/6/2005 7 10/5/2005 
11 26/6/2005 5 11/5/2005 
9 27/6/2005 3 12/5/2005 

13 28/6/2005 3 13/5/2005 
12 29/6/2005 5 14/5/2005 
14 30/6/2005 4 15/5/2005 
11 1/7/2005 2 16/5/2005 
14 2/7/2005 4 17/5/2005 
18 3/7/2005 3 18/5/2005 
13 4/7/2005 4 19/5/2005 
14 5/7/2005 4 20/5/2005 
12 6/7/2005 6 21/5/2005 
5 7/7/2005 6 22/5/2005 
9 8/7/2005 9 23/5/2005 
9 9/7/2005 10 24/5/2005 
7 10/7/2005 11 25/5/2005 
8 11/7/2005 10 26/5/2005 

13 12/7/2005 17 27/5/2005 
14 13/7/2005 15 28/5/2005 
18 14/7/2005 13 29/5/2005 
9 15/7/2005 10 30/5/2005 
7 16/7/2005 6 31/5/2005 
4 17/7/2005 n.a.1/6/2005 
4 18/7/2005 n.a.2/6/2005 
9 19/7/2005 13 3/6/2005 
4 20/7/2005 17 4/6/2005 
3 21/7/2005 16 5/6/2005 
5 22/7/2005 15 6/6/2005 
6 23/7/2005 13 7/6/2005 

10 24/7/2005 n.a.8/6/2005 
9 25/7/2005 16 9/6/2005 
5 26/7/2005 13 10/6/2005 
6 27/7/2005 10 11/6/2005 
7 28/7/2005 10 12/6/2005 
7 29/7/2005 11 13/6/2005 
8 30/7/2005 11 14/6/2005 

n.a.31/7/2005 11 15/6/2005 
 

Discussion 
The ionosphere is not strictly uniform, but 

contains irregularities of different sizes. The 
effects of these irregularities on propagation 
of radio waves may be treated by the 
diffraction theory. As a wave travels through 

an irregular medium, it will accumulate 
changes of amplitude and phase. According 
to Huygens's principle, each part of the wave 
front may be regarded as a source of 
secondary wavelets, the superposition of 
which builds up the wave front at a point 
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further along. In diffraction theory, one 
applies this principle to determine how the 
amplitude and phase of a received signal are 
affected by passing through a region of 
irregularity.  

Most scintillations arise in the F region of 
the ionosphere, although they are also found 
in the E and D regions. The intensity of 
scintillation is quantified by means of S4 
index.  

The theoretical formula for S4 index is 
given in reference [13]. One may omit from 
the theoretical formula parameters that are 
either constants or unchanged during 
observations. We can say that S4 index is a 
function of electron density of ionosphere 
plasma, )(4 eNfS = . Therefore, the main 
variable that can affect the scintillation index 
is the electron density (see [13] for more 
details).  

The motion of electrons in the ionosphere 
is controlled by the earth magnetic field. 
Therefore, any variation of geomagnetic field 
may stimulate variation of electron density. 

Thermally driven convection in the Earth's 
core bends and twists magnetic field lines 
leading to electric current and large magnetic 
fields.  

Conclusion 

The results of this work indicate that there 
is a tight correlation between the occurrence 
of a strong earthquake and ionosphere 
scintillation.  

The S4 index can be a promising factor in 
predicting earthquakes. This is due to the fact 
that there is an obvious increase in the S4 
index up to two weeks preceding an 
earthquake. 

Natural radio sources, like radio-galaxies 
and quasars, can be used to monitor and 
analyze ionosphere scintillations, instead of 
GPS satellites. For this propose, it will be 
enough to locate small radio telescopes (e.g. 
10 m diameter) in seismically active regions 
and perform real time monitoring.  
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Abstract: The authors report on the growth of Be-doped p-type GaN epilayers by metal-
organic chemical vapor deposition (MOCVD). The electrical and optical properties of the 
Be-doped GaN epilayers were studied by Hall-effect measurements and photoluminescence 
(PL) spectroscopy. The PL spectra of Be-doped GaN epilayers exhibited two emission lines 
at 3.36 and 2.71 eV, which were absent in undoped epilayers. The transition at 3.36 eV was 
assigned to the transition of free electrons to the neutral Be acceptor, Be0.  The transition at 
2.71 eV was assigned to the transition of electrons bound to deep level donors to the Be0 
acceptors. Three independent measurements: (a) resistivity vs. temperature, (b) PL peak 
positions between Be doped and undoped GaN and (c) activation energy of 2.71 eV 
transition all indicate that the Be energy level is between 120 and 140 meV above the 
valence band.  This is about 20-40 meV shallower than the Mg energy level (160 meV) in 
GaN. It is thus concluded that Be could be an excellent acceptor dopant in nitride materials. 
Keywords: Be-doped GaN; p-type, MOCVD epitaxial growth. 

 
Introduction 

Group III nitride semiconductors [1, 2], 
especially Gallium Nitride (GaN), have 
successfully been employed to realize blue-
green light-emitting diodes, blue laser diodes 
[3, 4] and ultra violet light sources and 
detectors [5, 6]. Controllable and efficient 
doping is one of the most important issues for 
the development of these devices. For n-type 
doping of nitrides, silicon can be successfully 
used as dopant and carrier concentrations 
exceeding (5 x 1020) cm-3 can be achieved [7]. 
For p-type doping, magnesium (Mg) is the 
acceptor of choice. It can be incorporated in 
concentrations up to 1020 cm-3; however, 
because of its large ionization energy (~160 
meV), the resulting room-temperature hole 
concentration is only about 1018 cm-3; i.e., 
only about 1% of Mg atoms are ionized at 
room temperature. Increasing the Mg 
concentration beyond 1020 cm-3 leads to 
saturation and a decrease in the hole 

concentration [8]. The limited conductivity of 
p-type doped layers impedes progress in 
device applications. Therefore, it is desirable 
to find an alternative acceptor. Beryllium has 
a low theoretical activation energy of about 
60 meV [9], making it a promising candidate 
for p-type doping in GaN. In spite of the 
promising theoretical predictions, practical 
realization of this idea is very difficult. The 
main problem with the use of Be as a dopant 
in GaN is that it is easily incorporated on 
interstitial sites, where it acts as a donor [10, 
11]. 

Experimentally, Be doping of GaN in 
molecular beam epitaxy has been reported by 
various groups [12, 13]. Another technique 
for Be incorporation that has been attempted 
is ion implantation [14, 15]. Characterization 
was mostly by optical spectroscopy 
measurement. A photoluminescence (PL) 
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peak just below the band edge of GaN was 
observed and attributed to Be related 
transition. Assuming that this PL line results 
from a Be acceptor, an acceptor energy level 
can be extracted. However, these results in a 
wide range of values, ranging from 90 to 250 
meV, depending on the assumptions made in 
the analysis [16]. To the best of our 
knowledge, there have not been any reports 
on the growth of Be doped GaN using 
MOCVD.  

Experiment 
Be doped GaN epilayers were grown on 

the c-plane (001) of Al2O3 substrates by 
MOCVD. The growth temperature and 
pressure were 1080 0C and 70 Torr, 
respectively. Trimethylgallium (TMGa) and 
blue ammonia were used as sources for 
gallium and nitrogen. C10H14O4Be was used 
as the Be source. A 2 µm insulating undoped 
GaN epilayer was grown to serve as a 
template, followed by the growth of a 0.5 µm 
Be doped GaN epilayer. X-ray diffraction 
(XRD) was used to determine crystalline 
quality, while atomic force microscopy 
(AFM) was used to study the surface 
morphology. Variable temperature Hall effect 
measurement (Standard Van der Pauw) was 
utilized to assess the electrical properties and 
PL spectroscopy was employed to investigate 
the optical properties. The deep UV PL 
spectroscopy system consists of a frequency 
quadrupled 100 femtosecond Ti: Sapphire 
laser with an average power of 3 mW, a 
repetition rate of 76 MHz at 196 nm and a 1.3 
m monochromator with a detection capability 
ranging from 185 to 800 nm [17]. 

Results and Discussion 
The surface morphology of the Be doped 

GaN epilayers is relatively rough with a root 
mean square (RMS) surface roughness of 
about 6 nm for a 10 µm x 10 µm area, in 
contrast to the smooth surface of undoped 
GaN epilayers which have an RMS value of 
less than 1.5 nm. The (002) peak of Be doped 
GaN epilayers has a rocking curve full width 
at half maximum of about 450 arcsec. As 
grown Be doped GaN epilayers were highly 
resistive, post growth rapid thermal annealing 
was done to activate Be acceptors. The 
annealing conditions were the same as those 
for Mg acceptor activation (920 0C for 12 

seconds under N2 ambient). Ni/Au was used 
to make ohmic contacts in the standard Van 
der Pauw configuration for Hall-effect 
measurements. Fig. 1 shows the Be and 
oxygen concentration profiles as measured by 
secondary ion mass spectrometry (SIMS) for 
the sample with Be source flow rate of 175 
ml/min. The result indicates a Be dopant 
concentration of about 2 x 1019 cm-3 in the 
epilayer. The Be dopant concentration was on 
the order of 1020 cm−3 as determined by linear 
extrapolation from samples measured by 
SIMS. Oxygen concentration was in the order 
of 1018 cm-3 and has a negative effect on the 
material quality and surface morphology. 
Hall effect measurements indicate the 
formation of a p-type GaN epilayer by Be 
doping. The resistivity obtained at room 
temperature is about 3.7 Ω.cm. Variable 
temperature Hall-effect measurements were 
attempted to probe the electrical properties of 
Be doped GaN epilayers. Fig. 2 shows the 
Arrhenius plot of the resistivity (ρ) of Be 
doped GaN epilayers. The resisitivity 
decreases with increasing temperature from 
3.7 Ω.cm at 300 K to 2.7 Ω.cm at 600 K. The 
solid line is the least squares fit of data to the 
following equation: 

( / ) 1
0( ) [1 ]AE k TT eρ ρ − −= +          (1)  

where ( )Tρ  is the resistivity at temperature 
T, EA is the activation energy and k is the 
Boltzman constant. The fitted value of the 
activation energy (EA) is 118 ± 4 meV.  

The average values of hole concentration 
and mobility at room temperature are ~ 1.7 x 
1018 cm-3 and 1.3 cm2/V.s, respectively. The 
measured values of hole concentration and 
mobility were fluctuating, so we were not 
able to use the hole concentration to directly 
evaluate the activation energy. This 
fluctuation could be related to the relatively 
high resistivity of the materials and the 
unoptimized annealing conditions of the 
materials and the contacts. More studies are 
needed to optimize material and annealing 
conditions for materials and contacts. The 
small reduction in resistivity between 300 K 
and 600 K indicates that the materials are 
highly compensated. This compensation 
could be due to oxygen molecules in the Be 
source.  



Beryllium Doped p-type GaN Grown by Metal-Organic Chemical Vapor Deposition 

 79

0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5
1 0 1 6

1 0 1 7

1 0 1 8

1 0 1 9

1 0 2 0

1 0 2 1

1 0 2 2

1 0 2 3

            B e - G a N
B e  ( )  a n d  O ( )

C
on

ce
nt

ra
tio

n 
(a

to
m

/c
c)

D e p t h  ( µ m )  
FIG. 1. Oxygen and beryllium dopant concentration profiles in GaN epilayer with Be source flow rate of 

175 ml/min, as probed by SIMS (performed by Charles Evans and Associate). 
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FIG. 2. The Arrhenius plot of resistivity (ρ) 

between 300 and 600 K for the Be doped 
GaN epilayers. The solid line is the least-
square fit of data with Eq. (1). The fitted 
value of the activation energy (EA) for Be is 
118 ± 4 meV. 

Low temperature (10 K) PL spectra of Be-
doped and undoped GaN epilayers are shown 
in Fig. 3. The PL spectrum of undoped GaN 
exhibits a strong band-edge emission at 3.48 
eV due to the donor bound exciton (I2) 
transition [18]. The band gap of GaN at 10 K 
is around 3.505 eV [18, 19]. The PL spectrum 
of Be-doped GaN comprises a band- edge 
transition at 3.36 eV, which is assigned to the 
transition of free electrons to neutral Be 
acceptors (Be0). A peak at 3.35 eV was 
observed in Be implanted GaN and assigned 

to the transition of the same free electrons to 
neutral Be0 recombination [20]. Our 
assignment determines the energy level of Be 
acceptors in GaN to be EA ~ 3.505 eV − 3.36 
eV = 0.145 eV, which agrees with the value 
estimated from the temperature dependence 
of resisitivity discussed above. An additional 
Be related emission line at 2.71 eV was also 
observed and is believed to be a donor-
acceptor-pair (DAP) transition involving deep 
level donor and Be acceptor. The broad width 
of the 2.71 eV emission line is a typical 
characteristic of DAP transitions involving 
deep level impurity. 
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FIG. 3. PL spectra of (a) undoped and (b) Be-

doped GaN epilayers measured at 10 K. 
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Fig. 4 shows the temperature dependence 
of the 2.71 eV emission line in the Be-doped 
GaN epilayer measured from 10 to 240 K. 
The thermal quenching of the 2.71 eV 
transition is due to the dissociation of the 
neutral Be acceptor, which is shallower than 
the energy level of the donor involved. Fig. 5 
shows the Arrhenius plot of the 2.71 eV 
emission intensity in Be-doped GaN. The 
solid line is the least-squares fit of the data 
with the equation: 

1)/(
0 ]1[)( 0 −−+= kTE

emi CeITI      (2) 

where Iemi (T) and I0 are the integrated PL 
intensity at temperature T and 0 K and Eo is 
the activation energy of PL emission 
intensity. The fitted value of the activation 
energy Eo is 126 meV. This value is close to 
the activation energy determined from the 
temperature dependent resisitivity 
measurement. All these results indicate that 
the energy level of Be is between 120 and 
145 meV and is about 20-40 meV shallower 
than that of Mg in GaN. 

1 . 6 2 . 0 2 . 4 2 . 8 3 . 2

 T  =  1 0  K

E  ( e V )

Iem
i
 (
A
.U
.)

 

 

2 . 7 1  e V

 T  =  3 0  K

 

 T  =  1 2 0  K 

 T  =  2 4 0  K

 T  =  1 9 0  K

G a N : B e

 
FIG. 4. PL spectra of 2.71 eV emission line of Be-

doped GaN epilayer measured between 10 and 
240 K. 
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FIG. 5. The Arrhenius plot of the integrated PL 

emission intensity of the 2.71 eV emission line 
in Be-doped GaN. The solid line is the least-
squares fit of data with Eq. (2). The fitted 
value of the activation energy (E0) of Be 
acceptor is 126.7 ± 5.8 meV. 

Conclusion 
Be-doped GaN epilayers were grown by 

MOCVD and their optical and electrical 
properties were probed. It was confirmed 
from Hall measurement that these epilayers 
are p-type. The activation energy of Be 
acceptors was deduced to be between 120 and 
145 meV from Hall-effect measurement, 
direct comparison of band-edge transitions 
and activation energy of DAP transition. The 
energy level of Be is about 20- 40 meV 
shallower than the Mg level in GaN. These 
results thus suggest that Be could be an 
excellent candidate as a p-type dopant in 
GaN. Additional improvements in material 
quality, doping conditions and annealing 
parameters of materials and contacts would 
further enhance the material conductivity. 
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Abstract: Visible light scattering and absorption patterns were measured using a 
photoacoustic instrument at different locations in Irbid city. Measurements were performed 
during the intervals 1 – 9 August 2007 and 7 – 13 October 2007 at the city center site 
(Palestine Street) and the southern site (University Circle), respectively. The city center site 
is impacted by local urban and regional aerosols. The southern site is dominated by 
regional aerosols. Data from both sampling sites showed variety of diurnal light absorption 
and scattering patterns. During most of the measurement days, the highest light absorption 
peaks appeared in the morning, 7:00 – 9:30 AM, whereas the highest light scattering peaks 
appeared later, 9:30 – 11:00 AM. The earlier light absorption peaks are likely attributed to 
the elevated black carbon vehicular emission during the heavy traffic hours (rush hours) 
whereas, the later light scattering peaks are attributed to secondary aerosols generated in 
the atmosphere through photochemical reactions. The southern site (University Circle) 
exhibited a higher light scattering and a lower light absorption contribution to the light 
extinction, leading to a better visibility compared to the City Center site. The visibility is 
averaged at 44 km and 115 km at the city center site and the southern site, respectively. 
Keywords: Light absorption; Light scattering; Light extinction; Visibility. 
 

 
Introduction 

Visibility is defined as the greatest 
distance at which an observer can just see a 
black object viewed against the horizon [1]. 
An object is usually referred to as the 
threshold contrast when the difference 
between the brightness of the sky and the 
brightness of the object is reduced to such a 
degree that an observer can just barely see the 
object. Much effort has been expended in 
establishing the threshold contrast for various 
targets under a variety of illumination and 
atmospheric conditions [2]. Nevertheless, 
visibility is more than being able to see a 
black object at a distance for which the 
contrast reaches a threshold value. Visibility 
is more closely associated with the conditions 
that allow the appreciation of inherent beauty 
of landscape features. It is important to 
recognize and appreciate the form, contrast, 
detail and color of near and distance features. 

It is necessary to understand what 
constituents in the atmosphere reduce 
visibility. 

Atmospheric visibility can be reduced by 
fog, snow, dust, sand, smog or any 
combination of these and is a part of normal 
atmospheric phenomena. The loss of 
visibility that commonly accompanies high 
pollutant levels is perhaps the aspect of air 
pollution most obvious to the public. It is due 
to scattering and absorption of light by 
pollutants [1]. The total light extinction (the 
sum of scattering and absorption by gases and 
particles) and hence visibility reduction 
depends on both wavelength of the light and 
scattering angle, that is the position of the 
sun, so the haze due to air pollution may 
appear to have different colors and densities, 
depending on the condition. 
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In spite of the fast growth of urban areas 
and industrial activities in Jordan, air 
pollution has not yet received due attention. 
Air quality is not routinely monitored 
anywhere, except at Alhashameiah (located in 
the Zarqa governorate to the northeast of 
Zarqa city) which experiences high levels of 
sulfur oxides and particulates. There have 
been a few studies that tackled air pollution in 
Jordan by aerosol particles. Hamasha et al. 
(2010) [3] reported the levels of black carbon 
at several urban and industrial locations in 
Jordan during summer of 2007 and winter of 
2008. Another study was carried out by 
Hamasha and Arnott (2009) [4] on the black 
carbon light absorption coefficients in Irbid 
city. They found that the average Bap in Irbid 
was 41.4 Mm-1. 

Irbid is Jordan's third largest city. Its 
population amounts to 255083 people 
According to the 2004 census [5]. It is 
situated on a plain land with an area of 36.9 
km2, and it is 100 km to the north of the 
capital, Amman. Irbid city is seated in a 
highland plateau, 620 meters above sea level. 
It is also close to three neighboring states, and 
there are no natural barriers to prevent 
pollution transport in the region. In fact, Irbid 
is less than 70 km to the east of Haifa, 120 
km south-east of Beirut and 80 km south of 
Damascus, and most of the wind blows from 
the west and the north. This means that Irbid 
is downwind from anthropogenic activities in 
the east Mediterranean coast. Therefore, it is 
an ideal town to study regional impact of air 
pollution. 

The purpose of this manuscript was to 
study the diurnal aerosol visible light 
absorption and scattering during the intervals 
1 – 9 August 2007 and 7 – 13 October 2007 
at the city center site (Palestine Street) and 
the southern site (University Circle), 
respectively, and to determine the aerosols 
impact on the visibility degradation and its 
variation from the city center site (urban) and 
the southern site (suburban) in Irbid through 
the measurement and analysis of the time 
series of black carbon light absorption and 
scattering coefficients. 

Light Scattering and Absorption 
Solar radiation passing through the 

atmosphere to the earth surface is both 

scattered and absorbed by gases and particles. 
The intensity of radiation striking the surface 
can be expressed in the form of Beer-Lambert 
law: 

0
ex tB LI I e −=                                       (1)  

where 0I  and I are the incident and 
transmitted light intensities, respectively, L is 
the path length of the light beam and Bext is 
the light extinction coefficient with the unit of 
(length)-1. This extinction coefficient, 
representing the total reduction in the light 
intensity due to scattering and absorption of 
light by gases and particles, is the sum of two 
terms, 

extpextgext BBB +=                                      (2) 

where extgB  is the extinction due to the gases 

and extpB  is the extinction due to the 
particles. Each of these terms can be broken 
down into contributions from light scattering 
and absorption so that equation (2) becomes: 

spapsgagext BBBBB +++=                     (3) 

where agB  and sgB  are the light extinctions 
due to absorption and scattering by gases and 

apB  and spB  are those due to absorption and 
scattering by particles. The gaseous 
contributions to the light extinction in the 
visible region are generally small [6 – 9]. Gas 
absorption in the visible region is limited to 
NO2. However, light absorption by NO2 is 
usually much less that the total light 
extinction by particles. Thus, when NO2 is 
present in sufficient concentrations to absorb 
light, the atmosphere usually contains 
relatively high concentrations of other 
pollutants, including particles. As a result, 
light scattering and absorption by particles 
usually exceed light absorption by NO2 [6, 
10, 11]. Gas scattering is essentially equal to 
Rayleigh scattering due to molecular oxygen 
and nitrogen and has relevance only in rural 
areas where the total extinction is small. 

The degree at which aerosol light 
absorption contributes to the total aerosol 
light extinction, Gap, and the contribution of 
the aerosol light scattering to the total aerosol 
light extinction or single scattering albedo, ω, 
are determined, respectively, as: 

ap
ap

extp

B
G

B
=                                                  (4)  
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sp

extp

B
B

ω =                                                     (5) 

Relationship of Light Scattering and 
Absorption to Visibility Reduction 

One of the most evident manifestations of 
anthropogenic air pollution is the production 
of haze which causes a reduction in visibility; 
that is, in visual range. Two factors enter into 
visual range: visual acuity and contrast. In 
day time, atmosphere particles reduce the 
contrast perceived by an observer by 
scattering light from the object out of the line 
of sight to the observer's eyes. 
Simultaneously, sunlight is scattered into the 
line sight, making dark objects appear lighter. 
The result is a decrease in the contrast 
between the object and the horizon. At night, 
scattering of light out of the visual path 
decreases the contrast and hence the source 
intensity becomes a factor in visual range as 
well. 

The Koschmieder equation has been 
shown to approximate the change in contrast 
of an object with distance away from an 
observer [12]. According to Koschmieder 
equation, visibility, Vis , is defined as: 

0( / )

ext

Ln C CVis
B

=                     (6) 

where C0 is the contrast relative to the 
horizon (or background) of an object seen at 
the observation point itself; that is at a 
distance L = 0 and C is the contrast at 
distance L. The contrast is defined as the ratio 
of the brightness of the object (B0) to the 
brightness of the horizon or background (BH), 
minus one: 

0 1
H

BC
B

= −                                                  (7) 

Observers typically can differentiate 
objects on the horizon if C/C0 ~ 0.02 – 0.05. 
A contrast of 0.02 corresponds to a visual 
range of  

0( / ) 3.912

ext ext

Ln C CVis
B B

= =       (8) 

Measurements 
In this study, diurnal aerosol light 

absorption and scattering coefficients were 
obtained using the photoacoustic instrument 

at a wavelength of 870 nm for two sites in 
Irbid city/Jordan. The first period was 1 – 9 
August 2007 at the city center close to 
Palestine Street; a very crowded main street 
with heavy duty diesel buses and 
automobiles. This site is a highly populated 
region, having many stores and is crowded 
with large buildings that give rise to urban 
canyon effects on wind flow. The second 
period was from 7 - 13 October 2007 in the 
south of the city near the north gate of 
Yarmouk University (University Circle). The 
degree at which aerosol scattering and 
absorption contribute to the total aerosol light 
extinction is further determined and the 
aerosol impact on aerosol visibility 
degradation and its variation is quantified. 

Light absorption and scattering 
coefficients at a wavelength of 870 nm were 
recorded with the photoacoustic instrument 
[13]. The photoacoustic instrument utilizes a 
microphone to record sound issuing from heat 
transferred from light absorbing aerosols to 
the surrounding air. A power meter records 
the laser power. The ratio of microphone 
pressure and laser power is used to obtain the 
light absorption coefficients. The 
photoacoustic instrument measures aerosol 
light absorption and scattering coefficient 
(Bap, Bsp) directly for airborne particulate 
matter. It provides an absorption 
measurement that can be compared to the 
more commonly used Particle Soot 
Absorption Photometer (PSAP) and 
Aethalometer, but it is without the filter-
based artifacts and resulting correction 
factors. An evaluation mechanism for 
calibration of light absorption by the 
photoacoustic instrument exists in employing 
light-absorbing gases such as nitrogen 
dioxide [14]. The large dynamic range of 
measurement provides another advantage for 
photoacoustic measurements. Finally, 
inclusion of scattering measurement along 
with light absorption within a single 
instrument allows for the calculation of 
extinction and single scattering albedo, the 
most important parameters in aerosol 
radiative forcing and atmospheric visibility.  

Light scattering by aerosols is measured in 
the photoacoustic instrument by the method 
of reciprocal nephelometry [15]. In a 
reciprocal integrating nephelometer 
arrangement, a parallel beam of light is used 
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to illuminate a scattering volume, and 
scattered light is detected by a cosine-
weighted detector so that the measured 
optical power is proportional to the total 
scattering cross section [16]. Within the 
instrument, the laser beam provides the 
parallel light source and the cosine-weighted 
detector is positioned on the resonator to view 
the center of the sample cavity. The cosine-
weighted sensor is fiber coupled to the 
photomultiplier tube (PMT). 

The coefficient of scattering Bsp is 
calculated using the magnitude of the Fourier 
transformed functions of PMT signal and 
laser power at resonance frequency. The 
expression for determining Bsp is given by: 

PMT
sp

L

P
B

P
α=

%

%
,       (9) 

where α is the calibration factor determined 
during instrument calibration. The 
photomultiplier tube signal is given by PPMT 
and PL is the measured laser power. The 
magnitudes of these two complex functions 
of frequency are used in equation (9). 
Background measurements of scattering are 
also periodically made during instrument 
operation of light scattering by filtered air 
within the resonator. The scattering 
background is subtracted from the PMT 
signal to produce the reported coefficient of 
scattering. 

The experimental procedure is to setup the 
photoacoustic instrument in a well-ventilated 
area where the air could be brought in. The 
instrument is controlled by a Labview 
program. When it is ready to sample air, the 
instrument inlet flexible tubing is connected 
to the inlet of copper tubing so that the air 
sample can be pulled in. This copper tubing 
was fixed to some stable wall with its inlet 
open all the time during sampling. A pump 
was used to draw outside the air through the 
instrument with a volume flow rate of 31  
min-1. The light absorption and scattering 
measurements were performed approximately 
every two minutes during the observational 
periods. 

Results and Discussion 
A survey of the average diurnal aerosol 

visible light absorption and scattering 

coefficients (Tables 1 and 2) revealed that the 
average daily aerosol Bap had maximum 
values of 69 Mm-1 and 12 Mm-1 and 
minimum values of 16 Mm-1and 1 Mm-1 for 
the city center site and the southern site, 
respectively. The average values for two 
periods in the city center site and the southern 
site, respectively, were 39 Mm-1 and 7 Mm-1. 
The average values for the whole two periods 
of the daily aerosol Bsp for the city center site 
and the southern site, respectively, were 77 
Mm-1 and 62 Mm-1 with maximum values of 
132 Mm-1 and 114 Mm-1 and minimum values 
of 39 Mm-1 and 30 Mm-1. The aerosol light 
extinction coefficients values were calculated 
from the absorption and scattering 
coefficients. The calculated black carbon 
(BC) using the absorption coefficients shows 
minimum values on Friday during the two 
measurement periods, which is expected as 
Friday is a non-working day in Jordan. In 
general, Bap and Bsp values vary significantly 
throughout the measurement days (Figs. 1 
and 2). Bap and Bsp values were higher in the 
morning than in the afternoon, with several 
incidences where Bap exceeded the Bsp in the 
early morning (Fig. 3). For most of the 
measurement days, the highest absorption 
peaks appeared in the early morning, 7:00 – 
9:30 AM. While those of the scattering 
appeared later, 9:30 – 11:00 AM. The earlier 
absorption peaks could be attributed to the 
elevated black carbon emissions during the 
heavy traffic hours whereas, the later 
scattering peaks could be attributed to 
secondary aerosols formed through 
photochemical reactions in the atmosphere. 
The average values of Bap and Bsp at the city 
center site were large and comparable to 
urban residential areas in large cities like 
Granada, Spain [17] and Guangzhou, China 
[18]. Lyamani et al. (2010) reported average 
values of Bap (21 Mm-1 at 670 nm) and Bsp (40 
Mm-1 at 700 nm, 60 Mm-1 at 550 nm, 80 Mm-

1 at 450 nm) measured in Granada, Spain 
during the period from 1 December 2005 to 
30 November 2007. Andreae et al. (2008) 
reported average values of Bap (91 Mm-1 at 
450 nm) and Bsp (418 Mm-1 at 450 nm) 
measured during the Pearl River Delta 
measurement campaign in urban Guangzhou, 
China during the period 4 October 2004 to 5 
November 2004. 
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TABLE 1. Daily average aerosol optical parameters (Mean ± SD) in Irbid city center site. 

Date Bap 
(Mm-1) 

Bsp 
(Mm-1) 

Bextp 
(Mm-1) 

ω 
Bsp/Bextp 

Gap 
Bap/Bextp 

Vis     
(km)  

BC 
(µg/m3) 

8/1/2007 
Wednesday 

69±20 66±45 135±64 0.44±0.14 0.56±0.14 37±22  11.3±3.0

8/2/2007 
Thursday 

66±21 42±21 108±26 0.38±0.17 0.62±0.17 38±10  10.8±3.0

8/3/2007 
Friday 

16±2 49±31 65±32 0.69±0.16 0.31±0.16 78±46  2.6±0.9 

8/4/2007 
Saturday 

37±9 39±20 76±40 0.51±0.13 0.49±0.13 51±33  6.1±2.1 

8/5/2007 
Sunday 

25±9 132±45 157±46 0.82±0.08 0.18±0.08 29±14 4.0±1.9 

8/6/2007 
Monday 

36±33 90±75 126±91 0.68±0.20 0.31±0.20 47±32  5.9±5.4 

8/7/2007 
Tuesday 

41±10 94±90 135±29 0.62±0.16 0.38±0.16 40±22  7.0±2.2 

8/8/2007 
Wednesday 

29±11 54±20 83±24 0.65±0.14 0.35±0.14 47±22  4.7±2.1 

8/9/2007 
Thursday 

32±17 129±65 161±70 0.77±0.13 0.23±0.13 31±19 5.3±3.1 

average 39 77 116 0.65 0.35 44 6.4 
Standard 
deviation 

18 36 35 0.16 0.16 15 2.9 

 

TABLE 2. Daily average aerosol optical parameters (Mean ± SD) in the southern site of Irbid 
city. 

Date Bap 
(Mm-1) 

Bsp 
(Mm-1) 

Bextp 
(Mm-1) 

ω 
Bsp/Bextp

Gap 
Bap/Bextp

Vis  
(km) 

BC 
(µg/m3) 

10/7/2007 
Sunday 

5±10 17±46  20±57  0.82±0.12 0.18±0.12 68±31  1.7±0.7 

10/8/2007 
Monday 

6±6  80±114 83±121 0.92±0.10 0.08±0.10 81±107  1.0±1.0 

10/9/2007 
Tuesday 

4±8 44±83  46±91  0.88±0.11 0.12±0.11 68±66  1.3±0.6 

10/10/2007 
Wednesday 

23±9 80±67  91±76  0.86±0.14 0.14±0.14 114±88  1.6±3.7 

10/11/2007 
Thursday 

10±12 23±30  27±42 0.70±0.21 0.31±0.23 168±230 2.0±1.6 

10/12/2007 
Friday 

2±1  30±40  30±41  0.93±0.13 0.07±0.13 202±260 0.2±0.3 

10/13/2007 
Saturday 

4±5  32±53  31±59  0.86±0.18 0.14±0.18 102±107 0.9±0.7 

average 7 62 70 0.85 0.15 115 1.2  

Standard  
deviation 

4 29 29 0.08 0.08 52 0.6 
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FIG. 1. Daily average aerosol light absorption and scattering coefficients at the city center site of Irbid 

city for the period 1 – 9 August 2007. 
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FIG. 2. Daily average aerosol light absorption and scattering coefficients at the southern site of Irbid city 

for the period 7 – 13 October 2007. 
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FIG. 3. Diurnal aerosol visible light absorption and scattering pattern on August 8, 2007 in the city center 

site, where Bap exceeds Bsp in the early morning and Bsp has its first peak at 10 AM. 
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The contribution of aerosol light 
absorption to the total aerosol light extinction, 
Gap, varied from 0.16 to 0.62 at the city center 
site and from 0.07 to 0.18 at the southern site. 
During the study periods, Gap first peak was 
observed in the early morning (6:30-8:00, 
Fig. 4). The Gap peaks are understandable 
considering that light absorption is dominated 
by BC in the primary vehicle emissions, 
which is elevated during morning and 
evening rush hours. 

On the other hand, the single scattering 
albedo, ω (the contribution of the aerosol 
light scattering to the total aerosol light 
extinction), varies from 0.38 to 0.84 at the 
city center site and from 0.70 to 0.93 at the 
southern site. The ω variability described 
above was the opposite of Gap variability as 
expected (ω = 1 - Gap, Fig. 5), reflecting the 
fact that light scattering, which is dominated 
by photochemically formed aerosols, is 
minimal in the morning before the onset of 
much photochemistry. 
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FIG. 4. Diurnal aerosol visible light absorption and scattering pattern on October 11, 2007 in the southern 

site, where Bap exceeds Bsp in the early morning and Bsp has its first peak at 9:00 AM. 
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FIG. 5. Variation of Gap and ω parameters during the day of October 11, 2007 at the southern site of Irbid 

City, where Gap has its first peak at 7:30 AM, while ω has its first peak at 9:00AM. 
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Visibility due to aerosol, Vis , in turn, 
varied from 29 km on Sunday, 5 August 2007 
to 78 km on Friday, 3 August 2007 at the city 
center site (Fig. 6) and from 68 km on 
Sunday, 7 October 2007 to 202 km on Friday, 
12 October 2007 at the southern site (Fig. 7). 
For both sites, the clearest day was Friday. 
Diurnal aerosol visibility variations for the 
days that have maximum and minimum 
observed values during measurement days are 
shown in Figs. 8 and 9. The overall averages 

Vis  were 44 km and 115 km for the city 
center site and southern site, respectively. 
The city center site visibility is comparable to 
the average visibility of a polluted city like 
Mexico City [19], since the city center site is 
close to Palestine Street, which experiences 
heavy traffic of all types of vehicles including 
heavy duty diesel buses and trucks. 
Furthermore, this site is located in a highly 
populated region [4]. 
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FIG. 6. Daily average visibility at Irbid city center site. 
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FIG. 7. Daily average visibility at Irbid southern site. 
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FIG. 8. Diurnal aerosol visibility variation on the day where the maximum value of all the studied days 

was achieved. 
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FIG. 9. Diurnal aerosol visibility variation on the day where the minimum value of all the studied days 

was achieved. 
 
The impact of Bap on visibility can be 

further illustrated considering the aerosol 
parameters of two days; 4 and 6 August for 
which the average black carbon coefficients 
(BC) were similar. During those days, BC 
values were 6.1 and 5.9 µg/m3 (BC = 
Bap/6.11, for details sea Hamasha and Arnott, 
2009). According to the average aerosol 
visibility values given in Table 1, 4 August is 

clearer than 6 August. On 4 August, light 
absorption was responsible on average for 
49% of the visibility degradation caused by 
aerosols. On the hazier day (6 August), 
aerosol light absorption was responsible on 
average for only 31% of the visibility 
degradation caused by aerosols. These results 
for Irbid city compare well with the published 
observations reported from Los-Angeles [9] 
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and Mexico City [19], that aerosol light 
absorption contribution to aerosol visibility 
degradation increases under less polluted 
conditions. 

The overall studied days aerosol visibility 
average of 44 km found at the city center site 
(affected by regional - as well as by urban- 
generated aerosols) was 71 km lower than 
that of 115 km found at the southern site 
(dominated by regional scale aerosols). This 
big difference is likely due to the regional 
influence in addition to the urban influence. 

Summary and Conclusion 
Diurnal aerosol visible light absorption 

and scattering coefficients at the wavelength 
of 870 nm were obtained using the 
photoacoustic instrument during 1-9 August 
2007 at Irbid city center site and during 7-13 
October 2007 at Irbid southern site. The 
diurnal absorption and scattering patterns 
showed a strong variability from day to day at 
both sites. During most of the study days, the 
highest absorption peaks appeared in the 
early morning, while those of scattering 
appeared at later times. The earlier absorption 
peaks could be attributed to the elevated 
black carbon emissions during the heavy 
traffic hours whereas, the later scattering 

peaks are attributed to secondary aerosols 
formed photochemically in the atmosphere. 
During the sampling period, the southern site 
exhibited on average a higher aerosol 
scattering and a lower aerosol absorption 
contribution to the total aerosol visible light 
extinction and a better visibility than the city 
center site. The average visibility attributed to 
aerosols at the city center site dominated by 
urban scale and regional scale was 44 km, 
while that at the southern site was 115 km. 
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