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Abstract 
Acoustoelectric effect (AE) in a non-degenerate Fluorine modified single 
walled carbon nanotube (FSWCNT) semiconductor is studied theoretically 
using the Boltzmann’s transport equation. The study is done in the hyper-
sound regime i.e. 1q  , where q is the acoustic phonon wavenumber and 
  is the electron mean free path. The results obtained are compared with that 
of undoped single walled carbon nanotube (SWCNT). The AE current density 
for FSWCNT is observed to be four orders of magnitude smaller than that of 
undoped SWCNT with increasing temperature, that is FSWCNT SWCNT

z zj j . 

This is because the electron-phonon interactions in SWCNT are stronger 
than FSWCNT. Thus, there are more intra-mini-band electrons interacting 
with the acoustic phonons to generate a higher AE current in SWCNT than 
in FSWCNT. This has been observed experimentally, where the electrical re-
sistance of FSWCNT is higher than pristine SWCNT i.e. 20 MR Ω . The 
study shows the potential for FSWCNT as an ultrasound current source den-
sity imaging (UCSDI) and AE hydrophone material. However, FSWCNT of-
fers the potential for room temperature applications of acoustoelectric device 
but other techniques are needed to reduce the resistance. 
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1. Introduction 

The absorption of acoustic waves in semiconductors leads to the transfer of 
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energy and momentum from the acoustic phonons to the charge carriers. This 
exchange sets up a dc current called acoustoelectric (AE) current density ( AEj ) 
[1] [2] [3] [4] and thus give rise to AE current in the case of an open circuit, or a 
constant electric field ( )tE  [5] [6]. Acoustoelectricity has applications in bio-
medical engineering [7], metrology [8] and quantum information processing [9] 
[10]. The confinement of electrons in one and two dimensional structures, mod-
ifies the electron mobility remarkably, thus reducing electron-phonon interac-
tion, and scattering rate [11] [12] [13] to enable electrons to move with ease. 
This further increases the dc electrical conductivity, due to size effect [14] [15] 
[16]. Research into AE is very relevant, due to the complementary role it plays in 
understanding the thermal, electrical and electronic properties of semiconduc-
tors and its position in acoustoelectronics. 

AE has been studied extensively over the past decade in semiconductor super-
lattices (SLs) [6] [7], graphene [17] and recently in single-walled carbon na-
noutbes (SWCNT) [18] [19]. Other studies such as high electron thermal con-
ductivity in SWCNT [20], hot-electron effect in quasi-static field in SWCNT [21] 
and absorption coefficient of acoustic phonons in FSWCNT [22] have been car-
ried out. 

Doping a metallic SWCNT with Fluorine and thus ensuring a double peri-
odicity along the axial direction forms a FSWCNT as perceived by Sadykov et al. 
[23], thus, changing the metallic property to semiconducting. The generation of 
AE current for contemporary applied sciences as against the use of conventional 
direct current has attracted lots of interest in heterogenous structured devices 
[24]. Studies done in SLs, homogenous semiconductors, graphene and SWCNT 
have proven that carbon nanotube is a good candidate for such studies due to 
their outstanding physical properties that stem from high scattering mechanisms, 
high bias mean free path and their reduced dimensions which permit strong 
electron-phonon interactions to occur, thus, resulting in strong acoustic phonon 
scattering [11]. 

Electron confinement along their circumference makes them behave as qua-
si one-dimensional structure characterized by delocalized π-electrons in 
sp2-hybridized state. Experimental studies conducted by Jeon et al. [25] have 
shown that absorption of acoustic waves in FSWCNT is far less than that of 
undoped SWCNT and studies on the absorption coefficient of acoustic pho-
nons in FSWCNT in the hypersound regime in the absence of an external 
electric field was done recently to confirm this theoretically [22]. Even though 
there has been report on the optical properties of acoustic phonon effect in 
FSWCNT [22], up to date no study on electronic properties due to AE in 
FSWCNT in the hypersound regime has been carried out. In this paper, we 
perform a theoretical investigation of the effect of stimulating FSWCNT with 
acoustic phonon without an electric field in the hypersound regime and its 
potential as an ultrasound current source density imaging (UCSDI) and AE 
hydrophone material. 
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2. Theory 

For a chemically modified SWCNT with Fluorine, where the Fluorine atoms 
form a one-dimensional chain, the energy dispersion can be deduced by using 
the Huckel matrix method as in Equation (1). Accounting for translational 
symmetry [23]  

( ) ( )2 1cos N
z o n o zp apε ε γ −= + Ξ                   (1) 

where 3 2a b=  , Ξ  is a constant, oγ  is the overlapping integral, zp  is 
the dynamic momentum of an electron along the axial direction (z-axis), N is an 
integer and oε  is the electron energy in the first Brillouin zone with momen-
tum op , i.e. oa p a−π ≤ ≤ π . For 2N = , the energy dispersion for FSWCNT 
at the Fermi surface at the edge of the Brillouin zone is  

( ) ( )3
08 cosz o zp apε ε γ= +                     (2) 

Equation (2) can be expanded as  

( ) ( ) ( )1 2cos 3 cosz o z zp ap apε ε= + ∆ + ∆                (3) 

where 1 2 oγ∆ =  and 2 6 oγ∆ = .  
Consider a single travelling longitudinal acoustic wave, moving along a uni-

form tube of FSWCNT with the ends of the tube being electrically insulated. The 
travelling acoustic wave is induced by driving one end of the tube with a vibrator 
while matching the other end to a proper acoustic impedance to ensure no ref-
lection of the wave at the termination. The ends of the tube being electrically in-
sulated, the acoustic wave would drag conduction electrons to one end of the 
tube, creating a deficiency of electrons at the other end. The resultant electric 
field along the tube will generate a conventional electric current which exactly 
cancels the current associated with the acoustoelectric effect. The acoustoelectric 
effect, therefore, may be measured by determining the electric potential differ-
ence between the tyro ends of the tube. Strikingly, this process is analogous to 
the voltage generation in a open circuit in thermoelectric effect due to tempera-
ture difference. The net flow of phonons along a temperature gradient may be 
considered as a net flow of travelling acoustic waves along the gradient. 

Assume the sound wave and the constant electric field travel along the z-axis 
of the FSWCNT, then the AE current density in the FSWCNT is defined as [6] 
[18]:  

( ) 2
,

,
dAE ac

n n i z z
n n

j e U p p′
′

= − Ψ∑∫                   (4) 

where ( )i zΨ p  is the solution to the Boltzmann kinetic equation in the absence 
of a magnetic field, and the kinetic equation is given as:  

{ }i
p iv

∂Ψ
+ Ψ =

∂
v W

p
                      (5) 

zp  is the electron momentum along the axial direction of the FSWCNT and 

,
ac
n nU ′  in Equation (4) is the electron-phonon transition defined in refs. [18] [22] 

[26] as:  

https://doi.org/10.4236/wjcmp.2020.101001


D. Sakyi-Arthur et al. 
 

 

DOI: 10.4236/wjcmp.2020.101001 4 World Journal of Condensed Matter Physics 
 

( )( ) ( )( ){
( ) ( )( )

( )( ) ( )( )
( ) ( )( )}

2

, ,
,

2

,

2
z z

z z

ac
n n p q p n z n z

n nq s

n z n z q

p q p n z n z

n z n z q

U G f p q f p
v

p q p

G f p q f p

p q p

ε ε
ω

δ ε ε ω

ε ε

δ ε ε ω

′ −
′

′ ′+

′ ′

πΦ  = − − 

× − − +

 + + − 

× + − −

∑






 



 

       (6) 

where ( ) ( )( ),z n n zf p f pε ′=  is the electron distribution function, Φ  is the 
sound flux density, ( ),n n zpε ′  is the electron energy band, and n and n’ denote 
the quantization of the energy band induced by the wavevector as a result of the 
periodic boundary conditions imposed on the wavefunction in the circumferen-
tial direction. ( ),z zG p q p±   is the matrix element of the electron-phonon in-
teraction. Employing the principle of detailed balance and denoting 

z zp p q′ = ±  , we obtain the condition:  
2 2

, ,p p p pG G′ ′=                         (7) 

and the matrix element of the electron-phonon interaction is given as:  

,
4
2p p

q

eKG
ρω ε

′
π

=                        (8) 

where K is the piezoelectric modulus, ε  is the lattice dielectric constant, ρ  is 
the density of FSWCNT. The AE current density then takes the form  

( )
( )( ) ( )( )

( ) ( ) ( ) ( )( )

2

,2
,

2
2

d

z z

AE
z p p n z n z

n nq s

i z i z n z n z q z

ej G f p f p q
v

p q p p q p p

ε ε
ω

δ ε ε ω

′ ′ ′
′

′ ′

πΦ  = − − + π

× Ψ + −Ψ + − −  

∑ 



  

   (9) 

where, ( ) ( )i z i zp l pΨ =  [26] is the electron mean free path written as:  

z zl vτ=                           (10) 

and the electron group velocity is expressed as:  

( )z
z

z

p
v

p
ε∂

=
∂

                        (11) 

Substituting Equation (10) and Equation (11) into Equation (9) yields:  

( )( ) ( )( )

( ) ( ) ( ) ( )( )

3 2

2 2 2
,

16
2

d

AE
z n z n z

n nq s

z z z z n z n z q z

e Kj f p f p q
v

v p q v p p q p p

τ ε ε
ε ω ρ

δ ε ε ω

′ ′
′

′ ′

πΦ  = − − + 

× + − + − −  

∑ 



  

   (12) 

The electron distribution function is given by the shifted Fermi-Dirac distri-
bution as  

( )
( )( )

1
1 expo

z

f p
p kTε µ

=
 + − 

                (13) 

where k is Boltzmann’s constant, T is the absolute temperature in energy units, 
and µ  is the electrochemical potential. Substituting Equation (13) into Equa-
tion (12) we obtain an equation with the term 1 2 , representing Fermi-Dirac 
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integral of the order 1/2, and written as:  

( )( ) ( )( )

( ) ( ) ( ) ( )( )

3 2

1 2 1 22 2 2
,

16
2

d

AE
z n z n z

n nq s

z z z z n z n z q z

e Kj p p q
v

v p q v p p q p p

τ ε ε
ε ω ρ

δ ε ε ω

′ ′
′

′ ′

πΦ  = − − + 

× + − + − −  

∑ 



  

 
  (14) 

The Fermi-Dirac integral 1 2 , is given as:  

( ) ( ) ( )
1 2

1 2 0

d1
1 2 1 exp

f
f

f

η η
η

η η
∞

=
Γ + −∫                 (15) 

where ( )c fkTµ ε η− ≡  and ( )1 2Γ  is the Gamma function of the order 1/2. 
For nondegenerate electron gas, where the Fermi level is several kT below the 
energy of the conduction band edge cε , (i.e. ckT ε ), the integral in Equation 
(15) approaches ( )2exp fηπ  and so Equation (12) becomes:  

( ) ( )† expo

p
f p A

kT
ε µ− 

= − 
 

                   (16) 

The electron distribution function in the presence of the applied constant 
electric field, ( )E t  is obtained by solving the Boltzmann equation in the 
τ-approximation as:  

( ) ( ) ( )
0

d expz o z
tf p t f p pτ
τ

∞
′= − −∫                (17) 

and †A  is the normalization constant to be determined from the normalization 
condition ( )d of n=∫ p p  as:  

( ) ( )
2

†
* *
1 2

3
exp

2
o o

o o

n a
A

kTI I
ε µ− =  ∆ ∆  

               (18) 

where on  is the electron concentration and ( )oI x  is the modified Bessel func-
tion of zero order and all other parameters are as defined previously. 

Assuming the electrons are confined to the lowest conduction band, then 
1n n′= = . The electron velocity obtained from the dispersion relation is given as  

( ) ( ) ( )1 23 sin 3 sinz z z zv a a a a= − ∆ + ∆  p p p            (19) 

Substituting Equation (16)-Equation (19) into Equation (14), the AE current 
density is obtained as:  

( )

( ) ( )

( ) ( )

† 3 2 2

03 2 2 2

* *
1 2

* *
1 2

*
2

4 1 dexp
1

3sinh cos 3 sin sin cos sin sin
2 2

3sinh cos 3 cos cos cos cos cos
2 2

4

AE
z

q s

A e K tj
v aq

aea t A a q ea t B q

aea t A a q ea t B q

τ α

τω ε ρ α

∞πΦ Θ − ′ =  
 −

     ′ ′× ∆ + ∆         
    ′ ′× ∆ + ∆        

− ∆

∫

E E

E E



 

 

( ) ( )*
1

3sin cos sin cos sin 3 sin
2 2
aea t B q A ea t a q    ′ ′+ ∆    

   
E E 
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( ) ( )

( ) ( )

( ) ( )

* *
1 2

* *
1 2

* *
1 2

3sin sin 3 cos cos sin sin
2 2

3cosh cos 3 cos cos cos cos cos
2 2

3cosh cos 3 sin sin cos sin sin
2 2

aea t ea t A B q a q

aea t A a q ea t B q

aea t A a q ea t B q

   ′ ′+∆ ∆    
   

    ′ ′× ∆ + ∆        

    ′ ′× ∆ + ∆       

E E

E E

E E

 

 

 





(20) 

where *
1 1 kT∆ = ∆ , and *

2 2 kT∆ = ∆ . Switching off the external electric field 
( 0=E ), Equation (20) reduces to:  

( )† 3 2 2

3 2 2 2

* *
1 2

* *
1 2

4 1

1

3sinh sin sin sin sin
2 2

3sinh cos cos cos cos
2 2

FSWCNT
z

q s

A e K
j

v aq

aa q A q B

aa q A q B

τ α

ω ε ρ α

πΦ Θ −
=

−

     × ∆ + ∆     
    

    × ∆ + ∆    
    



 

 

    (21) 

Simplifying Equation (21) yields:  

* *
1 2

* *
1 2

3sinh sin sin sin sin
2 2

3sinh cos cos cos cos
2 2

FSWCNT
z o

aj j a q A q B

aa q A q B

     = ∆ + ∆     
    

    × ∆ + ∆    
    

 

 

    (22) 

where  

( )† 3 2 2

3 2 2

6 1
,

121
q

o
oq s

A e K a
j

aqv q

τ α ω
α

γω ε ρ α

πΦ Θ −
= =

−

 

and  

1 13 1sin , sin
4 12 4 12

q q

o o

A B
aq aq

ω ω
γ γ

− −   
= =   

   
 

and Θ  is a Heaviside step function. 
To compare the results obtained with that of undoped SWCNT, we follow the 

same procedure for the FSWCNT. Using the tight-binding energy dispersion of 
the zp  orbital which is given as:  

( ) 3
1 2cos

2
z

z o
p bpε γ

  
= ± −      

                (23) 

From Equation (23), the acoustocurrent density in undoped SWCNT obtained 
via deformation potential is expressed as:  

* 2sinh sinh 1 cos
2

qSWCNT SWCNT
z o

a qj j
kT
ω

α
    = ∆ −    

   





      (24) 

where  
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( )
( ) ( )

2 2 2

2 2 * 2

1

sin 2 1

o oSWCNT
o

q s o o

q e n a
j

v a q I

τ α

ω ρ α

Λ Θ −
=
π ∆ − 

 

and  

( )
*, 4 ,

4 sin 2
q

o o
o

kT
a q
ω

α γ
γ

= ∆ = ∆ = ∆




 

3. Results and Discussion 

The acoustic wave considered has a wavelength 2 qλ = π , smaller than the 
mean-free path of FSWCNT electrons in the hypersound region 1q  . The 
acoustic wave is then treated as packets of coherent phonons (monochromatic 
phonons) having a δ-function distribution as  

( ) ( ) ( )
32

q s

N
v

δ
ω
π

= −k k q


Φ                   (25) 

where k  is the electron wavevector,   is the reduced Planck’s constant, Φ  
is the sound flux density, and qω  and sv  are respectively the frequency and 
the group velocity of sound wave with wavevector q . The general equations for 
the acoustoelectric current density in FSWCNT ( FSWCNT

zj ) and SWCNT ( SWCNT
zj ) 

are presented in Equation (22) and Equation (24), respectively. The acoustocur-
rent generated in both cases is observed to be strongly dependent on acoustic 
wavenumber (q), frequency ( qω ) and the temperature (T). A transparency win-
dow is observed when 12q oaqω γ  and ( )4 sin 2q o a qω γ    for 
FSWCNT and SWCNT respectively, consequence of the conservation laws. It 
follows then that, only electrons with momenta 2q  interacts with the pho-
nons. If the sound flux passing through the sample has a frequency which is ex-
tremely high, there will be no absorption of sound and the acoustoelectric cur-
rent will be zero. 

From Equation (22) and Equation (24), when 0AE
zj = , the dependence on q 

is highly nonlinear as observed in [13] [26] for the condition that  

( ) ( )*, sin sinz z zG p q ib p q d p d= + −                  (26) 

where *b  is the derivative of the resonance integral with respect to the intera-
tomic distance. Equation (22) and Equation (24) are analyzed numerically with 
the following parameters: 12 110 sqω

−= , 32.5 10 m ssv = × , 5 210 Wb mΦ =  
and 410 cm−= .  

The AE current density is obtained under quasi-static field 1ωτ   by solv-
ing the Boltzmann’s transport equation with constant relaxation time τ . The 
acoustocurrent density exhibits linear dependence on q at 0E =  (in the region 
of ohmic conductivity). As q increases the acoustoelectric current density in-
creases to a maximum, and drops off, experiencing a negative conductivity as 
shown in Figure 1. The acoustoelectric current density obtained in Figure 1(a) 
for FSWCNT is four orders of magnitude lesser than that obtained in Figure 1(b) 
for SWCNT. This is because the electron-phonon interactions in SWCNT are 
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stronger than FSWCNT. Thus there are more intra-mini-band electrons inte-
racting with the acoustic phonons to generate the acoustoelectric current in 
SWCNT than in FSWCNT. Furthermore, more phonons of high wavevectors 

9 110 cmq −≈  participate in the energy/momentum transfer interactions in 
SWCNT than in FSWCNT 6 110 cmq −≈ . The nonlinear rise and fall is attributed 
to the Bloch oscillations of the intra-mini-band electron current which is a con-
sequence of Bragg’s reflections at the band edges [27]. Since the electrons are 
under a lattice potential field, the phonons trade their energy and momentum to 
the electrons which move within the Brillouin zone. When they reach the top of 
the Brillouin zone, they acquire certain momenta and are reflected from the 
edges of the Brillouin zone (Bragg’s reflection). It is clear from Figure 1 that in-
creasing the temperature decreases the acoustoelectric current density and shifts 
the peak to higher q (wavevectors) and this is due to Bragg’s reflection and the 
nonparabolicity of the dispersion relation. 

We show in Figure 2 the dependence of acoustoelectric current density on 
temperature for different wave vectors. As the temperature increases, the acous-
toelectric current density increases initially, reaches a maximum and falls off 
with increasing temperature, i.e. negative conductivity. The peak shifts with in-
creasing q towards higher temperatures for both FSWCNT and SWCNT. This 
suggests that higher current is obtained at lower q values and at low tempera-
tures i.e. around room temperature for FSWCNT and at temperatures below 100 
K for SWCNT. This suggests that, the FSWCNT can be operated as an acoustoe-
lectric device at room temperature as compared to the SWCNT. Again, increas-
ing the value of q decreases the current density for FSWCNT but the reverse oc-
curs in SWCNT. This is because the SWCNTs are metallic and at any point in time 
have more intra-mini-band electrons interacting strongly through deformation or 
piezoelectric potential to generate higher current. Thus, higher acoustoelectric 
current is obtained in the SWCNT (≈five orders of magnitude) than in the 
FSWCNT as shown in Figure 2. 

To put our results in perspective, 3-dimensional plot is made for the acous-
toelectric current density against wavenumber (q) and temperature (T) in Fig-
ure 3.  

 

 
(a)                                  (b) 

Figure 1. Dependence of AE current density on q at different temperatures T = 150 
K, T = 200 K, T = 250 K, T = 300 K for (a) FSWCNT (b) SWCNT. 
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(a)                                  (b) 

Figure 2. Dependence of AE current density on temperature T for different wave-
vectors q = 4 × 105, q = 5 × 105 and q = 6 × 105 (a) FSWCNT (b) SWCNT. 

 

 
(a)                                  (b) 

Figure 3. 3-D representation of jz/jo on T and q for (a) FSWCNT (b) SWCNT. 

4. Conclusion 

Acoustoelectric effect was theoretically studied in a non-degenerate semiconduc-
tor FSWCNT and undoped SWCNT using the Boltzmann’s transport equation in 
the hypersound regime 1ql  . When ( ) 0E t = , a phenomenon of negative 
conductivity is observed due to the strong non-parabolicity of FSWCNT and 
SWCNT band structure. Comparatively, the acoustoelectric current density is 
observed to be far less in FSWCNT than in SWCNT ( FSWCNT SWCNT

z o z oj j j j ). 
This is because the electron-phonon interactions in SWCNT are stronger than 
that of FSWCNT. Thus, there are more intra-mini-band electrons interacting 
with the acoustic phonons to generate the acoustoelectric current in SWCNT 
than in FSWCNT. The study shows the potential for FSWCNT as an ultrasound 
current source density imaging (UCSDI) and AE hydrophone material. However, 
FSWCNT offers the potential for room temperature acoustoelectric device but 
modern techniques are needed to reduce the electrical resistance. 
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