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Herein, we theoretically report on the acoustoelectric direct current (ADC) generation in a non-degenerate
fluorine doped single-walled carbon nanotubes (FSWCNTs), due to mixing of waves with commensurate har-
monics in the hypersound regime, gZ>1 (where q is the acoustic wavenumber and ¢ is the carrier mean free

ii‘:&:;g:z;z path). The only restriction of the theory on the sound intensity was that, the interaction energy between the
Bichromatic carrier and the acoustic phonons must be small in comparison with the characteristic carrier energy. It was

observed that in this situation, the higher harmonics of the effective field of the acoustic wave can be neglected;
the origin of the nonlinearity was due to the distortion of the distribution function for carriers moving in phase
with the phonons, as a result of interaction with the acoustic wave; the nonlinear effects can then be very
important. The ADC generated was highly nonlinear and non-ohmic and depended on the amplitude of the
bichromatic fields (i.e., pump and probe field), overlapping integral for jumps (A and 4,), carrier concentration
(n,), Bloch frequency (£2), photon frequency (w) and acoustic phonon frequency (w,). The strong nonlinearity
and non-ohmicity of the I-V characteristic of the FSWCNTs may be associated with a number of nonlinear
phenomena including the non-parabolic band relation, carrier heating due to distortion in carrier distribution
function, Stark component, and Bloch oscillations of intraminiband carriers. It was possible to alter the
magnitude and direction of the rectified ADC by adjusting the phase of the fields, and the generation of ADC
corresponded to even instability zones in the FSWCNTs. Thus, based on the high ADC obtained, we propose
FSWCNTs for ADC generation under bichromatic fields with commensurate harmonics.

1. Introduction observed by utilising a medium which may ensure this, preferably a

strong nonlinear semiconducting novel structure with non-parabolic

Coherent mixing of electromagnetic waves with comparable or
commensurate (i.e. usually multiple) frequencies has been recognised to
cause a dc generation phenomenon in a number of superconducting
devices since the 1960s [1,2]. The origin of this phenomenon is the
emergence of a variety of nonlinearities in semiconductors, mostly due
to charge carrier heating as a result of the distortion in the carrier dis-
tribution function [2], and non-parabolicity of the conduction band [3].
Direct current generation effect in such structures may be reliably
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dispersion relation [4,5].

However, even with parametric resonance, dc generation would not
be possible if the system have complete spatial and temporal chrono-
logical symmetry. The absence of a microscopic centre of inversion in
the system causes the dc generation effect (i.e., the ratchet effect) [6].
An ideal superstructure has a symmetric structure with an inversion
center, so that the appearance of dc in such a system must be related to
the breakdown of the temporal symmetry of the form; #(t) = — &(t +
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T/2) (where & is the electric field strength and T is the common period
of the fields being mixed). It is noteworthy that, only specific frequencies
of mixed field ratios cause the temporal symmetry to be violated [7].

It is well known that system’s instability leads to parametric reso-
nance, and these parametric oscillations are triggered by an initial pulse
(or initial fluctuation). Even if we assume that the system is an ideal one
with symmetric structure from a theoretical standpoint, it is still
impossible to anticipate these instabilities because the rectified current’s
direction is determined by random variables [7]. It is also noteworthy
that, dc generation effect in bulk semiconductors is largely observed
during the mixing of microwave radiation harmonics, even if mixing of
terahertz waves is of greatest consequence for semiconductors. Because
it directly links to the urgent modern scientific and technical concerns of
terahertz radiation detection, generation, and amplification [7-9], the
terahertz rectification effect in novel structures is very significant.

One of the most promising and actively researched methods for using
structures such as superlattices (SLs) as the working medium of a
compact terahertz radiation amplifier operating at room temperature of
field frequency that is both similar to and dissimilar to the pump, is the
use of a strong microwave pump (including polychromatic) field acting
on the superlattice and amplifying the probe field [10-20]. The presence
of a constant field component in this instance complements the para-
metric influence of the pump field’s amplification of even harmonics
(commensurate frequencies are those whose ratio can be stated by an
irreducible rational fraction). The ability of an electromagnetic wave
mixed with its second harmonic to be rectified in a SL was first
demonstrated theoretically [7,10,16-20].

1-D nanostructures like single-walled carbon nanotubes (SWCNTs)
have received a lot of attention due to their excellent electrical and
thermal conductivities [21]. Multiple foreign atoms can bind to the
surface of the SWCNTs thanks to their skeletal structure without
endangering the tubular structure. An armchair-SWCNT can be made
semiconducting by doping with fluorine atoms [21-28].

In this study, we assess the electromagnetic wave rectification
capability of fluorine-doped SWCNTs and the carrier momenta in the
presence of acoustic phonons (FSWCNT). The geometric chiral angle
(GCA, 6y), temperature (T), and the real overlapping integrals for leaps
along the tubular axis (4,) and base helix (4;), respectively, all play a
significant role in the aforementioned properties [21,26-28]. FSWCNT
is a possible competitor for terahertz applications because it can produce
an acoustoelectric direct current density when these parameters vary. As
far as we know, no studies have looked at the ADC density of FSWCNTs
under bichromatic fields with comparable frequencies. The purpose of
this study was to look at the non-parabolic double periodic band of
FSWCNT’s acoustoelectric current density.

2. Theory

The problem is solved with the following quasi-classical conditions:
(D) 45> (= 1), (D) w>1/7; (iii) wg<e(p); (V) 034;,; (v) carriers
are available only in the lowest miniband and interminiband transitions
are neglected; (vi) carrier gas was nondegenerate; (vii) phonons are in
the state of thermal equilibrium; where the externally applied bichro-
matic electric field, is directed along the FSWCNT axis; (viii) For a fre-
quency range of 100GHz to 3THz and a nanotube of 100 nm at a high
temperature > 50K (or 5 meV), low temperature quantum effects such
as Coulomb blockade etc. becomes non-significant. This approach be-
comes valid as soon as any electric field characteristic with the di-
mensions of “frequency” (a.c. field frequency, Stark frequencies
corresponding to dc and ac field intensities) is less than the overlapping
integral [29].

(ix) For hypersound regime q¢>>1 and wr>1, wave phenomena such
as reflection and tunneling are absent and so the high frequency pho-
nons are considered as particles with energy and momentum and thus,
can be treated semiclassically. For slowly varying potentials (where
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carrier energy is assumed to be greater than the potential energy), re-
flections do not occur. The absence of reflection can be understood only
if the slowly varying potential is approximated by a large number of
small potentials. The small reflections that occur at each interface add
destructively so that no net reflections occur. Carrier motion in a slowly
varying potential in this case, can be described semiclassically because
reflections do not occur and the carriers obeys Newton’s law.

(x) If the overlapping integral is greater than the energy picked up by
the carrier from the external electric (i.e.As‘z>>eEds_z) along the charac-
teristic length of the FSWCNT and the scattering rate v is small
hv < eEd;,, then the carrier oscillate inside the first miniband with a so-
called Bloch frequency 2 = eEd;,/h. The quasi-particle energy (e(p))
and quasi-particle group velocity (v = de(p)/dp) along the FSWCNT axes
are periodic function of time. Thus, we assume that the semi-classical
condition; A,,>eEd,, is fulfilled. Once this requirement is satisfied,
the conduction electron can be treated semi-classically, i.e., described by
classical equations of motion, by the classical kinetic equation, etc.,
while bearing in mind that the carrier energy is a rather intricate
function of the quasi-momentum because of the periodicity of the po-
tential seen by the carrier.

(xi) In addition, the carrier wave packet is treated as a particle; the
uncertainty in momentum is assumed to be minimal so that the carrier’s
energy is sharply defined, and the uncertainty in the carrier’s position is
assumed to be minimal compared to the distance over which the applied
and built-in potentials significantly vary. The motion of the center of this
wave packet is described by #dk/dt = —Ve = F which looks like the
classical relation between force and momentum.

For doped-SWCNTs (FSWCNTs), the relaxation time 7(r = 10~!1s) is
very small than in undoped SWCNTs. For an ultrasonic wave whose
length 4 = 27/q, is much less than the carrier free path length (A =
10-8cm), q£>1 is satified (where 1 is the phonon wavelength and 7 is
the carrier mean free path (¢ = 1um)).

Moreover, we considered the response of carriers, belonging to a
single miniband of FSWCNT, where carriers with energies below the
energy of the interband transitions move in the crystalline field like free
quasi-particles, with a modified dispersion law which allowed us to
apply a quasi-classical approach to describe the carrier motion. The
bichromatic electric field is written as, & =
[0+ &1c0s(w1t) + Eacos(wat + @,)]. &pr = &acos(wt +¢,) is the
weak signal (probe) field and &), = &, + &1cos(w1t) is the strong signal
(pump field). We should note that in real devices, &, is a mode of the
resonator tuned to a desirable terahertz frequency. It is note worthy that
in the weak signal limit, which will be considered in detail below, the
expression for the current contained only the relative phase of the fields;
therefore, it is convenient to initially introduce the phase only for the
probe field. We will also consider in this case the situation where ®; and
w5 are commensurate (i.e., w1 /w2 = n/m where n and m are integers and
n/m is irreducible fraction). In order to calculate the acoustoelectric
current density, we invoke the expression [22-25]

_ eDA’ ¢t

PV,

J > [0 10+ 0+ ) ) -

X3 (Eprq — &, — wy)dp.

Fig. 1a shows a one dimensional SWCNT doped with fluorine atoms.
Considering a fluorine doped SWCNT (n, n) with the fluorine atoms
forming a one-dimensional chain. A nanotube of this nature is equiva-
lent to a band with unit cell as shown in Fig. 1b, where b is the bond
length (c — c). The width for the F-(n,n) tube equals n periods with a
periodic length of 3b, and the unit cell contains N = 4n — 2 carbon atoms
and the atomic numbering in the unit cell of the F-(n,n) nanotube are
shown in Fig. lc. Doped SWCNTs have qualitatively new physical
properties. For instance, dispersion laws are qualitatively different for
doped and undoped SWCNTs. For an F-(5,5) nanotube, dispersion curves
are as shown in Fig. 1d. In this case, the dispersion curve at the edge of
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Fig. 1.. (a) Fluorine modified SWCNT with the fluorine atoms showing as yellow balls [25], (b) Fluorinated nanotube F — (n,n) (dots denotes the positions of
Fluorine atoms of Fluorine atoms that are covalently bonded to C atoms) [30] (c) Atom numbering in the unit cells of nanotubes F — (n,n) [30] (d) z — zone of (i)
nanotube (5,5) (ii) nanotube F-(5,5), calculated with the parameters, @, = — 6.38eV and f, = — 2.79eV found from benzene spectra [30].

the Brillouin zone lies on the Fermi surface and the derivative of this
curve is zero.

For a conjugated z— system in which there is alternation of single
and double bonds along a linear chain, we used the Huckel matrix
approximation to provide the energy dispersion relation for the
FSWCNT as in Refs. [21,26-28]. The band relation for a p — type band
with periodicity 3bs; and two degree of freedom where the fluorine
atoms form a one-dimensional chain was given as:

p:d:

SdS
P — A cos P (2)

= ¢, — Aycos
elp)=¢ cos—

where d; = v/3b/2, d, = 3v/3b;/2, and b;, is the ¢ — c bond length
along the helical and axial directions, respectively. The minimum en-
ergy of an outer-shell carrier in an isolated carbon atom is ¢,, and the
real overlapping integral for leaps in the helical () and axial (.2) di-
rections were A and A, respectively.

Proceeding as in Refs. [21,26-28], the carrier miniband velocity
along the . and .Z" coordinates is calculated as followed:

vy(ps) :A;ldvsin( ‘;“), Vz( z) :Azhdzsin( Zhdz), 3

In the presence of a high frequency bichromatic external electric
field, the Boltzmann kinetic equation for carriers interacting with
acoustic phonons of frequency (w,) and wavenumber (q) is quoted as:

9 p.1)
ot

I (p,1)
dp

+e[&,+ &icos(wit) + &rcos(ant+@,)]

L0 @

T

where f(p, t) denotes the non-equilibrium carrier distribution function,
fo(p) denotes carrier equilibrium distribution function, v(p) denotes
carrier miniband velocity, ¢ denotes external electric field, p denotes
carrier quasi-momentum, and 7 denotes carrier relaxation time. With
initial conditions of ¢ =t and p' = p, the equation of motion of the
FSWCNT carriers in the presence of the external high-frequency
bichromatic field is obtained as:

dp N :

pr e[ &, + &icos(ont )+ Ercos(wat +¢,)], 5)

and the solution given as:

/ . e& , , & )
p =e&,t +ew—ll[sin(w]t ) —sin[wl(t—t)]]+ew—22[sin(w2t +o,) ©)
—sinf(@2(t 1) +,)]]

The solution to the BTE is derived by applying the transformation p—
p —p and making the assumption that 7 is constant yields:
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The local equilibrium carrier distribution function is given by the
shifted Fermi-Dirac function as:

1
"1+ en(e(p) —o) KT

f(p) ®

¢A2 ZAf 00
; _ePr’g'tAl

PV

Serle () [
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t A: xd: Az zdz — %o
fo(p) =Alexp {50()s< 7 ) +5cos(ph ) - <Q 98 )} 10)
Af was the normalisation constant determined to be [26-28]:
n,dyd, Q—&
Al = e : 11
@ e ) an

where n, is the carrier concentration, I,(x) is a modified Bessel function
of order n, and k is Boltzmann’s constant. Substituting Egs. (7)—(11) into
Eq. (1°) yields:

df
e ! Vit
T

A / & , / I3 , /
X {exp (5605‘( y— e & b — 661;71 [sin(wt) — sin[w(t —1)]] — % [sin(wat + @,) — sin[(0:(t —1) +¢,)]] )d.x )
2

1

A, . e& , , &
—exp (5‘605 (p: +qg—e&, — %11 [sin(wit) — sinfw,(t —1)]] — ewzz

Wq

'[VA‘(PA' + (1) - VA‘(PA‘)]‘S

where T is the temperature, k is the Boltzmann’s constant, &,, &1, &2
and @ denotes the static dc field, ac fields (pump and probe) and carriers’
electrochemical potential, respectively.

Eq. (8) is changed into the Fermi-Dirac integral (.7 3) of order 1/2
when Egs. (7) and (8) are substituted into Eq. (1°), as stated in Refs.
[22-25,27,28]:

. 12
Fplny) = ! / ’7.// dn
2N T r(/2) 1+exp(n—ny)

9

e®PA’ G 1A

[sin(@at + @,) — sin[(@2(t — 1) + ¢,)]] )dsﬂ 12)

W — sin <ps + %)

Within the first Brillouin zone, we applied a transformation to
change the summation over p into an integral over p as:

i 2 /,,/ dy /d;
- dp; / dp:,
5 an)* J s, —r/d;

and the acoustoelectric current density became

m/d (A d © L df
]—f/ exp(—zcos( z Z) )dpz/ e —
(2zh) pvswy J -nsa. C] h o T

X {exp (%cos( s —e &yl — ea;ﬁ[sin(wlt') — sinfw, (1 —£)]] fewﬁ[sin(wzt' +o,) —sinf(w(t—1)+9,)]] >dx>

1 2

1

A / & / / & / /
—exp (5‘cos<px +qg—e&,t — % [sin(wit) — sinjo, (r —1)]] — % [sin(wat + ¢,) — sin[(02(t —1) + ¢, )]] )dx> }
2

@q

[ve(p: +q) = v(p:) |6

IRZTAN
24,
sm< 2

where (@ —&:)/kT =1;. For a non-degenerate carrier gas, where the
Fermi level is several kT below the conduction band edge ¢, (i.e kT<¢,),
the integral in Eq. (9) modified to:

13

gD

The carrier acoustoelectric current densities along the base helix (.¥)
and tubular (.2) directions were obtained as [26-28]:
and
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§ DA’ GPrAl [T/ A, d. < df
o= AT Zq ¢ / exp (—‘cos <p_> )dpz/ I
(2zh) pvwy J -z/a. o n o T

A , & ,
X {exp (Ecos( y —e& ot — ew—l [sin(@i1) — sinw, (r — { )]

1

[sm(wzt +,) —sinf(w2(t — 1) +,)]] )d.‘ )

A, _oe& . / . , & / . ,
—exp(pcos(p.+ = et =< sntont ) sinfo (1] - % sin(ont + 9,) = sil(w1- 1) +0,)1] ). ) | a4
1 2
@, .
e (pe+ @) = ve(p) 18| —— - sin(ps + )
(5) 7
2A,sin
2
Y S A A, v © L df
il 2[1 L / exp (—“cos (p.\d.\> )dp:/ e’ pdt
(27h) pvswy J -z/d, o n o T
AJ P ’ e (i(l . ’ . ’ . ’
x |exp | -geos(p: — e&,t — pe [sin(wt) — sinjw, (t — 1) ] [sm(wzt +¢,) —sin[(w:(t—1)+o,)]] )d:
1
A ! e gl . / . ’ e ZZ . / . ! (15)
—exp | geos| p: +qg—e&,p — o [sin(wt) — sinfo,(t —1)]] — P [sin(wat + ¢,) — sin[(w2(t —1) +¢,)]] )d.
1 2
@, . q
'[Vz(pz +Q) - Vz(pz) }5 7[1(17 Sln(pz J"*)
qd: 2
2A sm< )
2
In the presence of acoustic phonons, the carrier momenta along the |
base helix and tubular directions for the first and second quadrants of l’zl =_—gin~! (L) _4 P’ :fsinfl (#) _4
the first Brillouin zone are deduced as; 4, 24.sin(qd;/2) 2 d; 24.sin(qd. /2) 2
a7
P =i () T @) 4 Substituting Egs. (16) and (17) into Eq. (15) and invoking standard
= 2sin(gd)2)) 2 P Ta 24.5in(qd,[2)) 2 _ Substituting Egs. an ) into Eq. and invoking standar
a6) integrals, the acoustoelectric carrier current densities along the helical
() and tubular (.2) directions yields:
_ SN P, d>d0(1 — o
/ — € q m, § < ( S)

(7h) vy, -Assin(gd, /2)4/ 1 — o21,(4,/6)

o df A, d, A, d,
X / e """ | sinh | ZsinAcosBsin 94 sinh| —cosAcosBcos 4 as8)
0 T o 2 2] 2
A, qd, A, qd, A . . (qd,
——cosAsinB. —cosAcosBcos | — : —sinAcosB. =
é‘)cos sin. sm( 5 )wsh(@cos cos. cos< 5 ))wsh(@sm cos sm( 5 ,

and

eDA* g tn,d,d>0(1 — o)

(2h)pvyw,-Asin(gd,/2)4/ 1 — o*1,(4,/6)

© A, .
X / -/ ’d sinh —wnAco sBsin qd sinh| —cosAcosBcos 44 19)
0 T o 2 2] 2
d. A, d,
——cosAsmBsm ( ) cosh (—cosAcosBcos <q2 ) ) cosh (5‘sinAcosBsin (%) ) } s

Z =
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where 0, and © are the Heaviside step function, temperature in energy
units, respectively. For A, and 0>,

e<DA2q2m,,d2d 9(1 (x
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The real part of Eq. (25) is expressed as;

S =
(wh)*pvy w,Asin(qd, [2)4/1 — a?1,(4,/O) 20)
L df [/AN2 d,
X / e’ flas {(—) sinAcosAsin( )L )v( )vaz — —cmAvavm (q
0 T |[\O 2
and
e@A’g*tn,d,d*0(1 — a?)
Z =
(7h)*pvyw,-Assin(gd, J2)1/ 1 — a21,(4,/6) 1)
o di A, d,
X / e (—) sinAcosAsin cos %) cosB* 7—cosAsmBsm ac:
0 T 2] 2
where
> e&ad,; . ' . '
=e&,d, I AL [sm ant) —sinjw, (1 — 1 )]] + ——2 [sin(wrf + @) — sin[(02(t — 1)+, )]].
1 [0)) (22)
Egs. (20) and (21) reduced to 00 i Tl - ,
)(’/1 _ Jm/ e il |: (1 +ei25/"d"' eiz’lsinwlze—iz’lsinm(t—t)
i} © L di 4@cosAsin(qd. /2 Jo T [2 27
J’:Jm/ e’ L {coszB—wsinB} 23) o o , @7
0 T A ><erfg:m((uzﬂrqa(,)e—z:’?sm(wz (=1 )+, ) ) }
and Invoking the Jacobi-Anger expansion
> Jaz/ e—t’/rd% {CoszB749503’42"(’1‘112/2)“”3}. 24 exp( £ ixsinwt) = Z Ji(x)exp( £ ikwr)
0 z k=—o0

Making use of the identity: cos?(x) = 1/2(1 + cos(2x) ) yielded

—1 /rdl

- '
. ,
S = e —
0 T

% |:; (1 + eIZer {,dr Pe [erzl(xmm,r sinw) (t— ! ) )iz (sin(wat+,) — vin(mz(r—r,))Jrzp,,) ] )

_ 4OcosAsin(qd,/2)

Im [e’“ sinw) t—sinw) (t—t ))+izg(sin(mgz+r/za)—.vin(mz(z—r’) )+o,) ]
AS

(25)

and

Z:JD,/W il
e

X %(1 + ¢ i2e & dst’ Re [ iZ/ (sinwy t—sinw; (1— ’))“1,2(S""(‘”z”m")7Xi"(w2(17’,)H%)] )
46cosAsin(qd,/2)

Im [eiz(sinwlt—s[nwl (I—/’ ) )+iza (sin(wr 1+, ) —sin(ws (1— ))+¢U) ]

A;
(26)

Eq. (29) reduces to

yl 7‘]17&/ —t /rd (l iy i2e %yt § § Jkl ky m,)u)lteimlmlr’
0

2
ky=—com;=—co

ky=—com——co

(28)
We let k;—m; =v; and solve Eq. (27) explicitly as

kiky=—00 vjry=—00

Jkl Zl sz ZZ ‘Ikl —ul (Zl)‘]lz ) (ZZ)
1+ 29(,‘1'](](1)1 +k2602) }

xexp(iva,)exp(i[(v1o) +120,)t]))]
(29)

Similarly, the imaginary part is obtained as
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= JosOcosAsin(qd; [2) & 2. . .
Sy = Wmcq]d/ Z Z Ji, (20, (225 =0 (21 Wiy -0, (22) s _etDAzqzm,,dfdzé)(l — a?)Alsin(2A)sin(qd,) 33)
T nn=Te ” 40> pyyw,sin (%) 1—a2l,(%)
" [Q, + ko) + ko) ]texp(ivag, )exp(i[(viw) +v,w,)t])
[1+ (2, + oy + ko) 7 g €PN’ ¢Ptn,d,d*0(1 — a?) Alsin(2A)sin(gd, ) 34)
T 40mn? in(4%) /T — o2l (&
(30) wh’ prsogsin (i) /T = @21, ()

We sum the real and imaginary part which yields Without losing generality, we expressed the high frequency bichro-

7= J_ i 2‘0: kl Z1 ZZ Jkl U (zl)‘]kz ) (Z2)<COY[V2(pa + (1/1(1)1 + 1/2(1)2)1‘] >
2 o [1+(20Q, + ko + ko)’ 1]
20cosAsin(qds[2) &
" Asindsin(qdy) kl];m DIMZ;OOJI(, 2 )i (22)Tk -0 (211 (22) (31)

[Qa + ko) + koo |t(sin[tap, + (V1o + vaw)t])
[1+ (R, + ki) + kow,) 7]

‘Ikl Zl sz ZZ Jkl v (Zl)Jf«z ,,Z(ZZ)(COS[I/Z(pO + (l/lwl +L’2w2)t]>
[1+2Q, + ko + ko,)*7]

1 G

kiky=—00 vjv3=—00

20cosAsin(qd, [2) &
W Z Z T 21k (22) 0y (20) -1, (22) (32)

kiky=—co Vjl——co

y [Q, + kio| + koo |t(sin[tap, + (Vio) + v20,)t])
[1+ (2, + ko + kzmz)z‘l'z}

matic acoustoelectric current density into axial and circumferential

components as; J, = Z ¢+ . ¢sind, and J; = .7 jcos6y, respectively.
The axial acoustoelectric current density is expressed as

where
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Fig. 2. Dependence of acoustocurrent (J% /J3¢) on z; and z; for different values:
(a) 27, A; = 0.25eV and 4, = 0.30eV;(b) 21, A; = 0.30eV and A, = 0.25eV.

1 . . .
li]
P 025V
. - AZ-D.GW\'
S —.31-0.359\'
-2 61-0.4m\'
—— A ~D45aV
3 1
-4 L
o 2 4 8 10
Zy
(a)
* A,-0258V
A -030eV
—— A 0358V
A _~DAD2V
—— A -D45eV
20
Zn

(c)

'Jz'l“lo

15

Diamond & Related Materials 136 (2023) 109993

10

—1»-0.1
—r=-03
f1r-0.5
1r-0.8
— =10
—r-20

e o
—— A 0258y
—— &,-0.308Y
——a,-0.358Y
A,=0.408Y
L/ —A,-0.458Y
/
o/
-10 * -
0 2 3 B 10
Z
- —— ,-0.258V
- —— A_-0.30aV
]
g / \'.. —— A _-0.35aV
/ \'-' A _-0.408¥
1
4 I:.‘ —— A -0.458Y
:‘.'t
of Vil
0 -
e
™ ] "
0 2

z

(d)
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Fig. 4. Dependence of acoustocurrent (J% /JI°) }$) on z; for different values: (a) n,, 2r = 0.3, A; = 0.25eV and 4, = 0.30eV; (b) n,,2r = 0.3, Qr = 0.3, A; =
0.30eV and A, = 0.25eV; (c) n,, 2t = 2, A; = 0.25eV, A, = 0.30eV; (d) n,, 2t = 2, A; = 0.30eV, A, = 0.25¢eV.
weak signal limit, only particular Bessel function combinations: (ko = 0,

and the circumferential as

T (21 (2) k1 -1 (Z) k0, (23)(cO8 1200, + (101 + 12002)1])

Jos © ©
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[1+(Q + ko + ko)’ 1]

j =41), (ka = £1,j = ¥1) and (k; = 0,j = 0) were used based on the
In order to explain the physical nature of the impact and reveal the ratio of the frequencies w; and w;. Again, we investigated the most

unique features of rectification of the ADC dependency on z; and 2z, of important correlations between these pump field mixing frequencies

the fields being mixed, we restricted our further investigation to the and their harmonic.

significant case of a weak probing field (#,< &1). For the current in the
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Fig. 8. Dependence of acoustocurrent (J% /J3¢) on 2; and z; for different values: (a) T, A; = 0.25eV, and A, = 0.30eV; (b) T, A; = 0.30eV, and A, = 0.25eV.
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yielding the acoustoelectric current. The coupling is proportional to

Iy (201 (2)ks = (2 ) Trs—jn (2){cO8 1200, + (101 + 1202)1])

i %(w DY

kiky=—00 j=—00

[1+ (22, + k@) + k)7 ]

_20cosAsin(qd;/2)

A.sindsin(gd,) Z Z Ji (20, (22) Tk, —jim (20) Tky—jn (22)

kiky=—co viv=—00

[Qo + ko) + kas|t(sin[vap, + (V1o + v202)t] )
[1+ (2, + ko + ko)’ 7|

> cos9sind

where 11 = jm, va = jn, 2 =2z =2e&d;z/0; (i = 1,2) and 2, = Q =

e #ods - is the Bloch frequency.
3. Results and discussion

The rectification of sinusoidal signals in FSWCNT, due to the mixing
of two coherent electromagnetic waves of phase difference ¢, with
commensurate frequencies of w; =2 and w; = 2Q2 was investigated
theoretically, by invoking the semiclassical conditions in the hyper-
sound regime. The general equations for the rectified acoustoelectric
direct current density in FSWCNT were presented in Egs. (37) and (38),
respectively but of most interest to us was the axial component in Eq.
(37). The ADC generated in the presence of acoustic phonons in both
cases were observed to be strongly dependent on the acoustic wave-
number (q), frequency (v,), temperature (T) and external electric field
#. A transparency window was observed when wg>2A;sin(qd;/2) and
0g>>2A4,sin(qd,/2), which was as a consequence of the conservation laws
of energy and momentum. The implication was that the acoustic pho-
nons could only interact with carriers whose momenta were #q/2. If the
frequency of the sound flux going through the sample was exceedingly
high, there would be no sound absorption and there would be no
acoustoelectric current density (JZ/J).

At this juncture, we explain the Physics of the strong electrodynamic
potential generated as a result of the deformation potential coupling in
the FSWCNT. The intricate band structure of FSWCNTs causes the
deformation potential coupling. The carrier energy levels separate into
various energy bands in the presence of the FSWCNT’s crystal potential,
which results from the atoms in the lattice. The atoms are displaced from
their equilibrium positions as the acoustic wave travels through the
FSWCNT. The carriers’ crystal potential and the carrier energy bands
that result from the potential are both distorted or deformed as a result
of this displacement. A deformation potential tensor ensues and which
can be used for short and long-wavelength acoustic phonons to account
for the deformation of the energy bands in the FSWCNT as:

e = ikAGE;.

d
s = (39)

where 8¢ is the change in energy, A; is the deformation potential tensor

T

and ¢ is the acoustic wave displacement (i.e., ¢ = rf,,e‘( kr ""t)). Since
the change of energy of the carrier in the energy band is spatially
dependent, a net force based on the Hooke’s is exerted on the carriers

because of the presence of the acoustic wave as:

9
— 8¢ = KAy

F,
¢ “ox,

= (40)

As a result, in this case, the deformation potential couples the car-
riers to the acoustic wave strongly, and the higher the carrier density,
the stronger the coupling between the acoustic phonons and carrier

13

(38)

both the magnitude of the deformation potential constant and the square
of the acoustic phonons wave number (q). The deformation potential
constant in the majority of interesting materials is on the scale of several
electron volts. This coupling mechanism predominates in the majority of
conducting solids at high enough frequencies due to its frequency de-
pendency. At frequencies in the megacycle range, this mechanism pre-
dominates the electron-phonon interaction in the majority of high-
resistivity semiconductors, and even when the acoustic waves are
transverse, the forces resulting from the deformation potential are al-
ways longitudinal.

Fig. 2 illustrated the dependency of the ADC (J%/J%) on the
dimensionless ac fields z; and 2, for different values of Qr when A =
0.25eV A, = 0.30eV (see Fig. 2(a)) and A; = 0.30eV A, = 0.25eV (see
Fig. 1(b)). We observed that J% /J% was initially high at z; = 0 and z,
0.4. J%/J%¢ increased slightly for increasing z; until it reached its
maximum value. Further increase in g; resulted in the decrease in the
magnitude of J% /J% in a monotonic manner until it reached its mini-
mum value. Increasing £7 resulted in a decrease in magnitude of Ji /J3
up to 27 = 0.8. This is because the presence of the dc electric field also
affects the motion of the electrons. The electric field acts to transfer
energy to the carrier system, so that the distribution is shifted to higher
energies in the presence of the electric field than in its absence. In the
absence of the electric field, the carriers occupy states of low energies,
whereas states of higher energy are vacant. Therefore, the carriers are
more likely to absorb a phonon than to emit one, since in the former
process they would go from the highly occupied states of low energy to
the nearly vacant states of higher energy, whereas for the latter process
they would have to do the reverse. The electric field shifts the carrier
distribution in such a way that states of higher energy become occupied,
whereas states of lower energy become vacant. Thus, the probability for
absorption of phonons decreases, and the probability of emission of
phonons increases. As the probability for absorption of phonons de-
creases, the carrier-phonon coupling is weak and the deformation po-
tential constant is low and thus, the ADC generated is low as Qr
increases.

Further increase in Qr (27 > 1) resulted in a reversal of the direction
(i.e., negative) and increased the magnitude of J% /J2°. The ADC was
strongly nonlinear and non-ohmic but dependent on Q7. Moreover, for
21 > 2 we observed a dramatic decrease in the ADC generated which
oscillated weakly in both directions which indicated that, at high fre-
quencies the rectification was nearly smooth as against the case of low
frequency. The decrease in magnitude of J; /J3¢ observed was due to the
increase in scattering as the carriers performed Bloch oscillations thus,
the region with negative differential conductivity (NDC) i.e.,
0J% /021 < 0. Fig. 2(a) and (b) demonstrated similar behaviour but the
magnitude of J%/J3¢ obtained in Fig. 2(b) was twice that obtained in
Fig. 1(a). The difference being that carrier coupling with acoustic pho-
nons when A; = 0.30eV A, = 0.25eV (see Fig. 2(b)) was much stronger
and so generated a higher deformation potential constant and thus, a
higher ADC was obtained than when 4; = 0.25eV A, = 0.30eV (see Fig. 2
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(a)). Thus, more carriers interacted strongly with the acoustic phonons
to generate a high intraminiband ADC for A; = 0.30eV 4, = 0.25eV (see
Fig. 2(b)) than for A; = 0.25eV A, = 0.30eV (see Fig. 2(b)).

We investigated in Fig. 3 the dependency of Jg /J3¢ on 2, and 2z, for
varied values of A; and A;. Fig. 3(a) and (b) demonstrated the behaviour
when A, was varied for Qr = 2, and A; was fixed (4; = 0.25eV see Fig. 3
(a)) and when A; was varied for Q7 = 2, and A, was fixed (4, = 0.25eV
see Fig. 3(b)). It was observed in Fig. 3(a) and (b) that the direction of
the rectified ADC was reversed. This reversal was due to the fact that the
coupling of the carriers with the acoustic phonons was very strong and
thus, generated a high deformation potential constant which is strongly
dependent on the magnitude of the deformation potential constant and
square of the acoustic phonons wavenumber and a high acoustoelectric
field. The acoustoelectric field generated opposed the direction of the
external bichromatic electric field which resulted in the reversal of the
ADC.

In effect the scattering was stronger when A, was varied for Qr = 2,
and 4, was fixed (A; = 0.25eV) which generated a low Ji /J3¢ (see Fig. 3
(a)) than when A was varied for Qr = 2, and A, was fixed (4, = 0.25eV)
which generated a high rectified ADC (see Fig. 3(b)). Furthermore, Fig. 3
(¢) and (d) demonstrated the behaviour when A, was varied for Qr =
0.5, and A was fixed (4; = 0.25eV see Fig. 3(c)) and when A; was varied
for Q7 = 0.5, and A, was fixed (4, = 0.25eV see Fig. 3(d)). We observed
from their behaviour that for weak static field (E, < 1), the direction of
the ADC generated was reversed. This means the acoustoelectric field
generated from the carrier-phonon coupling was in the same direction as
the external bichromatic field. However, the ADC was high when 4, was
varied for Q¢ = 0.5, and A; was fixed (i.e. 4; = 0.25 see Fig. 3(c)) than
when A; was varied for 2t = 0.5, and 4, fixed (i.e. A, = 0.25 see Fig. 3
(c)).

Fig. 4 displayed the ADC (J/J3¢) dependency on 2; and zp for
different values of carrier/impurity concentration (n,) when Qr = 0.3,
A = 0.25eV and A, = 0.30eV (see Fig. 4(a)) and Q27 = 0.3, A; = 0.30eV
and A, = 0.25eV (see Fig. 4(b)). In the presence weak static field coupled
with scattering, as the carrier density (n,) was increased, a high ADC was
generated as well. The ADC obtained for Q7 =0.3,4; = 0.25eVand A, =
0.30eV (see Fig. 4(a)) was lower than that obtained for Qr = 0.3, A; =
0.30eV and A, = 0.25eV (see Fig. 4(b)). This was attributed to the fact
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observed in Fig.4(c) and (d) but the direction of the rectified ADC was
reversed due to the direction of the acoustoelectric field (see Fig. 4(c)
and (d)).

Using the same set of values as in Fig. 4, we investigated and
observed a similar but interesting behaviour in Fig. 5 for varied values of
¢, when Qr = 0.5, n, = 10°cm3, A; = 0.25¢V and 4, = 0.30eV (see
Fig. 5(a)) and Q7 = 0.5, n, = 10%cm3, A; = 0.30eV A, = 0.25¢eV (see
Fig. 5(b)). It was convenient to illustrate the dependence of the direction
and magnitude of the rectified ADC on the relative phase ¢, in the case
of mixing of harmonics. It could be seen from Eq. (37) that the depen-
dence on the phase was determined only by the factor cosg,. Conse-
quently, for ¢, the rectified ADC attained its maximal value for z/2
phase difference and vanishes when the phase difference was zero.
Accordingly, by changing the phase, we could change not only the
magnitude, but also the direction of the rectified current. In particular,
when the phase difference between the fields assumed values of z/2 and
3r/2, the direction of current was reversed. Changing the phase value
resulted in only specific combination of the harmonics which contrib-
uted to the rectification. For ¢, = z/2 we have the sixth harmonic, ¢, =
37/4 yield the fourth harmonic and ¢, = 37/2 yielded the second har-
monic. However, a high conductivity was obtained when 2z =0.5,n, =
10%cm 3, A; = 0.30eV and 4, = 0.25eV (see Fig. 5(b)) than when Qr =
0.5, n, = 10cm=3, A; = 0.25eV and 4, = 0.30eV (see Fig. 5(a)). Also
when Qr = 0.5, n, = 10%cm3, A, = 0.25eV and A, = 0.30eV we ob-
tained a low ADC condutivity due to the strong scattering along this
direction (see Fig. 5(c)) than when Q¢ = 0.5, n, = 10°cm™3, A, =
0.30eV and A, = 0.25eV which yielded a high ADC (see Fig. 5(d)). An
analogous dependence was also typical of other ratios of frequencies of
the fields being mixed. It should be noted for experimental observation
that, it is important to maintain a constant phase difference of the fields
being mixed. Experimental methods for maintaining a constant phase
difference of microwave fields were considered in ref. [25]. It could be
seen that the conductivity of the FSWCNT strongly depended on the
frequency of the pump field; and as we passed to the high frequency
limit w>>1, conductivity tends to zero for any harmonic.

We consider the case we are interested in when the static pump field
is absent (&, = 0). For a purely ac mixing, we obtained the rectified
ADC as;

(k1w1 + kz(t)z) }

kikp=—00 j=—00 [1
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ko1 + kaw,]t{coslvag, + (V101 + 1202)1])
[1 + (kl(l}1 + kgCUz)sz}

+

Jo: N Ty (201 (25)ks —jn (2 )T jn (2){cO8 1200, + (V101 + 1202)1])
HCPS
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kiky=—o00 j=—00

[1+ (ko + k)T 7]
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[1 + (k]CU] +k2(l)2) 1,2}

that there were more carriers which interacted strongly with the
acoustic phonons along the base helix where scattering of carriers by
energetic phonons were less comparable to the tubular direction where
more energetic phonons scattered the carriers. Similar behaviour was
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This formula implied that in the case of mixing of the pump field with
its odd harmonic, ADC is not induced in the system, while in the case of
even harmonics, such a current always exists. It is noteworthy that, it
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was even harmonics that can be used most effectively to enhance THz
radiation because the parametric enhancement effect was not sup-
pressed in this case by the generation of pump field harmonics.

Fig. 6 showed the ADC density (Ji /J5°) dependency on 2; and z; for
different values of A;, As, n, and ¢, for a purely ac mixing of the har-
monics when E, = 0. The rectified ADC density obtained in the absence
of the static field of the pump was higher when compared with that in
the presence of the field. The observed non-ohmicity in the I-V charac-
teristic of the FSWCNT’s rectified ADC (J%/J4°) could be attributed to
the Bloch oscillation of the carriers due to the high non-parabolicity of
the FSWCNT’s band structure and Stark component (summation over k).
It is worthwhile to note that Q7,4 could be used to determine the
relaxation time of the dominant type of scattering (i.e. electron-phonon)
in the FSWCNT.

Furthermore, we investigated the dependency of J% /J%¢ on z; and z,
for different values of temperature when Qr<1 and Qr>>1. Fig. 7(a) and
(b) we observed that the rectified ADC increase as the temperature in-
creases for Q7«1 as in Ref. [31]. This is because increasing temperature
decrease the band gap of the FSWCNT and thus, more electrons with
enough energy and momentum can jump the band gap and interacts
strongly with the acoustic phonons to generate a high deformation po-
tential and a high ADC as a result. The rectified ADC generated when
A; = 0.25eV and A, = 0.30eV (see Fig. 7(a)) was high and double that
obtained for A; = 0.30eV and 4, = 0.25eV (see Fig. 7(b)). When Qr>1,
we observed that the rectified ADC is reversed but the ADC generated
was not as high as that obtained in Fig. 7(a) and (b). When Q7 =2, A; =
0.25eV and A, = 0.30eV (see Fig. 7(c)) was high and double that ob-
tained for A; = 0.30eV and A, = 0.25eV (see Fig. 7(d)).

Furthermore, we showed the ADC density (J /J%) dependency on z;
and 2, for different values of 4,, and A; for a purely ac mixing of the
harmonics when E, = 0 (see Fig. 8(a) and (b)). It is observed that
increasing the temperature minimises or reduces the band gap of the
FSWCNT along the axial direction. This gives more carriers enough
energy and momentum to jump the band gap into the conduction band.
Again, increasing the F-dopants add more states to the band structure
which increases the carrier concentration in the conduction band. These
carriers in both cases are coupled strongly with the acoustic phonons via
the deformation potential constant to generate the ADC (see Figs. 4 and
7). As varying n, and T influences the magnitude of the ADC in both
direction, this will go a long way to increase the output current (ADC),
output power and the efficiency of the FSWCNT as an acoustoelectric
device (see Figs. 4, 7 and 8).

As to why we chose fluorine-doped SWCNTs to elements like Cl, Br,
and I was due to FSWCNT’s semiconducting properties. Tabrowski et al.
conducted investigation into the doping of SWCNTs with halogenated
solvents (i.e., dichloromethane, chloroform and bromoform) [32]. They
found out that, using halogenated solvents as the medium significantly
enhances the carrier conductivity at room temperature. For SWCNT
films made in an acetone/toluene mixture had a carrier conductivity of
853 + 62 Scm~! [33], but when dichloromethane and chloroform were
used, the carrier conductivity increased to 1652+ 186 Scm™! and
1966 + 425 Scm™!, respectively. The Br-SWCNT specimen created in
bromoform shows an even more noticeable rise. The Br-SWCNT’s carrier
conductivity increases were quadrupled in comparison to the material
made utilising non-halogen solvents, reaching 3819 4 241 Scm™!. The
measured values were quite high despite the mild chemical nature of
these molecules [34].

The carrier conductivity which reduced as temperature rises, indi-
cated that the SWCNT networks were basically metallic in nature [34].
Due to this, the Seebeck coefficient values of variously produced SWCNT
films were adequate but not outstanding. The doped-SWCNT room
temperature Seebeck coefficient of 46 + 3uV/K matched the perfor-
mance of other undoped SWCNT-based thermogenerators [35]. In
contrast, the Seebeck coefficients for the ensembles made in dichloro-
methane (SWCNT/DCM), chloroform (SWCNT/CF), and bromoform
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(SWCNT/BF) were 26 +2, 22+3, and 19+ 1uV/K, respectively.
Therefore, the observed drop in Seebeck coefficients strongly suggests
that the material was doped when processed using these halogenated
aromatic solvents on a regular basis. The doping changed the material
from non-degenerate to degenerate character, which had a significant
impact on the carrier conductivity but a detrimental impact on the
thermoelectric power [36]. The doping also increased the carrier con-
centration and added more state to the already existing bandstructure.
The increase in carrier conductivities brought on by doping was
responsible for the decline in Seebeck coefficients.

Furthermore, bromoform, which had the lowest electric dipole
moment of 0.990 Debye compared to 1.010 and 1.600 Debye for chlo-
roform and dichloromethane, respectively, was most likely to produce
the halogen moieties that could dope SWCNT films. This explained why
bromoform had the greatest improvement of carrier conductivity [37].
As opposed to F-doped SWCNTs which are more semiconducting,
heavier halogenated solvents (i.e. Cl, Br, and I) significantly inhibited
the semiconducting character by adding states (i.e., increase in impurity
concentration) and moving the Fermi level to the middle of the band and
thus, flipping the SWCNT from non-degenerate (semiconducting) to
degenerate (metallic) character. The semiconducting character was
significantly reduced, especially in the Br-doped SWCNT film. This effect
resulted from the addition of an impurity band close to the Fermi level,
which altered the chemical potential and reduced the band gap from
semiconducting to metallic [38]. As a result, the materials (SWCNTs)
become more metallic when CI, Br and I are added in that order. They
came to the conclusion that the improvement in carrier conductivity
with halogens was probably caused by a change in the chemical po-
tentials of the SWCNT films [32] which increased the carrier conduc-
tivity but reduced the thermoelectric power [32].

The one-dimensional semiconducting FSWCNT benefits from the
ADC effect because, a “high-frequency-induced phase-dependent dc
current by Bloch oscillator non-ohmicity” using a bichromatic field has
been observed by Seeger and co-workers in 3- dimensional superlattice
(SL) [39], Seidu et al. in quasi-one dimensional SWCNT [19] and Men-
sah et al. in nonparabolic semiconductor.

4. Conclusion

We studied the ADC generation due to mixing of waves associated
with commensurate harmonics theoretically using a tractable analytical
approach in the hypersound regime. The rectified ADC obtained was
strongly nonlinear and non-ohmic. Numerous causes may be responsible
for the FSWCNT’s non-ohmicity in the I-V characteristic including the
non-parabolic band energy-momentum relation, carrier heating, stark
component, and Bloch oscillations of intraminiband carriers. It was
possible to change the magnitude and direction of the generated ADC.
Generation of the ADC corresponded to even instability regions in the
FSWCNT. This work, in our opinion, will inspire fresh research and the
development of new tools for the rectification and detection of THz
radiation. Thus, based on the high ADC obtained, we propose FSWCNT
for ADC generation under bichromatic fields with commensurate
frequencies.
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