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ARTICLE INFO ABSTRACT

Keywords: This study presents a comprehensive theoretical investigation of the acoustoelectric conversion efficiency (1)
Acoustoelectric conversion efficiency in fluorine-doped single-walled carbon nanotubes (FSWCNTs) subjected to combined dc and ac electric fields
Carbon nanotubes in the hypersound regime (¢ > 1). A microscopic transport model is developed within the semiclassical

Bloch oscillations

Boltzmann transport equation
Electron—phonon interaction
Nonlinear field effects

Boltzmann transport formalism by incorporating electron-phonon interactions, Bloch oscillations, nonlinear
field modulation, and temperature-dependent carrier scattering. Analytical expressions for the acoustoelectric
current density (J,5) and the corresponding conversion efficiency are derived, while the electronic and
lattice properties are discussed within the framework of density functional perturbation theory (DFPT) to
establish the microscopic origin of the transport parameters. The model explicitly accounts for the effects of
nanotube chirality, axial and circumferential overlap integrals (4, and 4,), carrier relaxation time, nanotube
length, carrier concentration, and fluorination-induced lattice modifications. The results reveal that the
acoustoelectric conversion efficiency increases approximately linearly with the applied dc electric field and
exhibits pronounced resonant enhancements whenever the Bloch frequency approaches integer multiples of
the applied ac frequency. The oscillatory dependence on the ac field amplitude originates from multiphoton-
assisted sideband formation described by Bessel-function modulation of the carrier dynamics. The conversion
efficiency displays a non-monotonic temperature dependence with a well-defined optimum temperature arising
from the competition between thermally activated carrier transport and enhanced electron—-phonon scattering.
A detailed sensitivity analysis demonstrates that increasing the phenomenological damping factor broadens
the resonance linewidth, suppresses the peak conversion efficiency, and reduces the resonance quality factor
without significantly shifting the resonance frequency, thereby confirming that damping primarily governs
carrier coherence rather than the intrinsic Bloch dynamics. The analysis further shows that electron-phonon
scattering, impurity scattering, fluorine-induced lattice disorder, and phonon lifetime collectively determine
the effective relaxation rate and consequently the efficiency of acoustoelectric energy conversion. Furthermore,
the axial overlap integral, nanotube length, carrier concentration, and carrier relaxation time are identified as
the dominant parameters controlling the acoustoelectric response. Enhanced conversion efficiency is obtained
under conditions of low damping, long carrier relaxation times, optimised Bloch frequency, and moderate
fluorination, where coherent momentum transfer between acoustic phonons and charge carriers is maximised.
These findings provide a comprehensive physical framework for understanding resonant acoustoelectric
transport in fluorinated carbon nanotubes and offer practical design guidelines for developing high-efficiency
nanoscale acoustoelectric energy harvesters, high-frequency sensors, phononic devices, and next-generation
nanoelectromechanical systems.
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1. Introduction

Acoustodynamics refers to the generation of a direct current in a
semiconductor due to the drag of charge carriers by co-propagating
acoustic waves, which is mediated by electron-phonon momentum
exchange [1,2]. This phenomenon, which was first observed by Par-
menter [2], has attracted renewed attention in novel low-dimensional
systems, where quantum confinement enhances carrier—phonon cou-
pling. In recent years, acoustoelectric conversion has been explored
in piezoelectric semiconductors, graphene, superlattices, and single-
walled carbon nanotubes (SWCNTs) [3,4].

Owing to their quasi-one-dimensional structure, SWCNT possess a
high carrier mobility, and strong electron-phonon interaction, which
offers a unique platform for investigating acoustoelectric transport met-
rics. Earlier experiments have reported on acoustoelectric currents in
SWCNT bundles under radio-frequency acoustic excitation [5], whereas
subsequent studies observed quantised acoustoelectric currents using
surface acoustic waves [6]. However, theoretical models have since
been extended to degenerate [4] and functionalised nanotubes [7],
which highlights the influence of chirality and doping on the acous-
toelectric response.

Functionalisation of nanotubes, such as fluorine doping of SWCNTs,
is a key tuning parameter in modifying carrier concentration and
electron—phonon coupling, and also managing the impacts of nonlinear
transport; strong electric fields, acoustic phonons, and fluorine doping
can interact to provide novel nonlinear transport effects that are crucial
for next-generation nanoelectronic uses [7].

A central mechanism in SWCNT acoustoelectric systems is the in-
terplay between Bloch oscillations of electrons in periodic potentials
and the sideband mixing induced by ac fields. Bloch oscillations have
been experimentally observed in a variety of photonic and phononic
systems, and were initially predicted for electrons in crystals under a
constant force [8-11]. When the Bloch frequency wjp coincides with
integer multiples of the ac driving frequency w, resonance takes place
in acoustoelectric systems, resulting in improved energy transfer [12,
13]. Such resonant behaviour, modulated by carrier relaxation time
7, has analogies in SWCNT transport and provides a route to tunable
high-frequency acoustoelectric conversion.

However, it is noteworthy that, as far as we are aware, no prior
study has been conducted on the acoustoelectric conversion efficiency
in FSWCNTs. Therefore, our main objective is to examine and evaluate
the semiclassical acoustoelectric conversion efficiency of FSWCNTs and
their possible use in next-generation electronic systems.
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Despite extensive progress, several challenges still remain unre-
solved. The influence of temperature-dependent scattering on acous-
toelectric efficiency, the role of geometric parameters such as overlap
integrals (4, 4,) and chirality, and the nonlinear modulation of Bessel
sidebands under strong ac fields remain incompletely understood [14,
15]. Bridging the gap between simplified models and experimental
data, therefore, requires a comprehensive framework that integrates
Bloch resonance, nonlinear field effects, and phonon damping.

In the current study, we present a semiclassical Boltzmann-based
model for the acoustoelectric conversion efficiency # in FSWCNTs
driven by combined dc and ac electric fields. The model accounts
for Bloch oscillations, space charge instabilities, nonlinear modulation,
thermal scattering, and the geometric configuration of the FSWCNT.
Analytical expressions for the acoustoelectric current density and con-
version efficiency » are derived and analysed. The results demonstrate
quasi-linear growth of # with dc bias, resonant peaks at wy = nw,
oscillatory dependence on ac amplitude «, non-monotonic temperature
behaviour with an optimal 7%, and sensitivity to overlap integrals and
tube length.

These findings provide a coherent theoretical basis for optimising
FSWCNT-based acoustoelectric devices for nanoscale energy harvest-
ing, self-powered nanoelectronics, acoustic sensors, radio-frequency
signal processing, phononic computing, nanoelectromechanical systems
(NEMS), Internet-of-Things (IoT) devices, and acoustic wave amplifiers.

Fig. 1 shows the schematic illustration of the FSWCNT acoustoelec-
tric device considered in this work. A surface acoustic wave (SAW)
with wave vector q propagates along the nanotube axis while combined
dc (&) and ac (& coswr) electric fields drive the electron transport.
Fluorine adatoms modify the electronic band structure and electron—
phonon interaction, thereby enhancing the acoustoelectric conversion
efficiency. The nanotube length used in the simulations is L = 200 nm
with a typical diameter of 1.2-1.5 nm.

2. Theory

The study was carried out in the semiclassical regime, where the en-
ergy dispersion relation for the FSWCNT is modelled using the Huckel
matrix approximation as [7,16-19]:
pyds

h
Here d; = \/Ebs /2andd, = 3\/§bz /2, with b, _ being the carbon-carbon
bond lengths along the helical base and tubular axis, respectively. These
parameters A, and 4, are real-valued overlap integrals, and correspond
to carrier transitions along the spiral and axial directions.
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Fig. 1. Schematic illustration of the FSWCNT acoustoelectric device considered in this work. A surface acoustic wave (SAW) with wave vector q propagates along
the nanotube axis while combined dc (&) and ac (&, coswt) electric fields drive the electron transport. Fluorine adatoms modify the electronic band structure
and electron-phonon interaction, thereby enhancing the acoustoelectric conversion efficiency. The nanotube length used in the simulations is L = 200 nm with

a typical diameter of 1.2-1.5 nm.
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Table 1
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Representative values of the axial (4,) and circumferential (4,) overlap integrals reported in the literature for
carbon nanotubes. The values reported for the semiclassical miniband model correspond to effective transport
parameters rather than the atomistic nearest-neighbour hopping energy.

Method 4, (eV) 4, (eV) Physical basis References
Graphene TBA 2.7 2.7 Nearest-neighbour hopping [20,25]
parameter (y,)
DFT (large SWCNT) 2.7-2.9 2.6-2.8 First-principles calculations [26,28]
including curvature effects
Chiral-SWCNT(DFT) 2.7-2.9 2.5-2.8 Chirality-dependent [20]
electronic coupling
F-SWCNT (DFT) 1.5-2.6 1.2-2.5 Reduction of z-orbital [21,22]
overlap due to C-F bond
formation and partial
sp* — sp’ rehybridization
Semiclassical-miniband 0.02-0.10 0.02-0.10 Effective miniband overlap [23]

transport model

parameters used in
Boltzmann transport theory

2.1. Material parameters of fluorine-doped single-walled carbon nanotubes

The electronic transport properties of FSWCNTs depend strongly
upon the carrier concentration, nearest-neighbour overlap integrals and
electron—phonon coupling strength. Unlike pristine carbon nanotubes,
these parameters are modified by the formation of covalent carbon—
fluorine bonds, which perturb the electronic structure through charge
transfer and local lattice distortion [20-22].

Fluorine possesses the largest electronegativity of any element (yy =
3.98) on the Pauling scale. When fluorine atoms bond to the nanotube
surface, electrons are transferred from neighbouring carbon atoms
towards the fluorine atoms. This redistribution of charge modifies the
local electrostatic potential, changes the occupation of the = orbitals
and partially transforms the carbon bonding configuration from sp>
towards sp> hybridisation.

Within the tight-binding approximation, the electronic Hamiltonian
may be written as

H= z eic?'c,- + Z tl-jc;'cj, 2
i (i)

where ¢ denotes the on-site energy, 1, represents the

nearest-neighbour hopping energy, and cl.T and ¢; are the electron

creation and annihilation operators. For fluorinated nanotubes,

F
tij = l,(»j), 3)

owing to the modified carbon-carbon bond lengths and local electronic
environment introduced by the C-F bonds. Accordingly, the overlap
integrals employed in the present work, 4, and 4,, represent effective
hopping parameters describing electron motion in the circumferential
and axial directions of the nanotube [20,23-25]. Fluorination changes
these overlap integrals according to 4; = Aﬁo) + 64, and 4, = A(Zo) +
54,, where 84;, 64, describe the perturbations induced by fluorine
incorporation. Similarly, the equilibrium carrier concentration changes
from

ng)) — néF) R 4

because fluorination shifts the Fermi level through charge transfer.
The carrier concentration satisfies ny = [ D(E)f(E)dE, since fluori-
nation modifies both the density of states and the electronic dispersion
relation, the resulting carrier concentration differs from that of pris-
tine SWCNTs. The numerical values employed in the present work
were selected from published experimental measurements and density-
functional-theory calculations reported for fluorinated carbon nan-
otubes [21,22,26,27]. These investigations demonstrate that fluorina-
tion alters the hopping parameters, carrier density and electron—phonon
interaction strength while preserving the quasi-one-dimensional nature
of the nanotube (see Table 1).

Consequently, the transport model employed here is specifically
parameterised for fluorinated SWCNTs rather than pristine nanotubes.

The carrier density employed throughout this work is treated as an
effective three-dimensional density for consistency with the semiclas-
sical Boltzmann transport formalism. Although an isolated SWCNT
is intrinsically quasi-one-dimensional, the equivalent one-dimensional
carrier density may be written as n;, = n3pA, where A = zdr is the
effective nanotube cross-sectional area.

The high-frequency acoustoelectric current density deduced pre-
viously in Refs. [15,29] is separated into axial and circumferential
components as:

J —& |:1+ y Kk
L=
2 Lo 1+ (220 + kor)’

& JHz) (Qr + kor) ]

T2z

8cosA . ,qd,
_A_SIH(T)

s k=-c0 1+ (.Qr + kcor)2 ©
Jo [ & J2(2)
S
+— | 1+ —_—
2 k=—co 1 + (2.(21 + kan')
BcosA . ,qdy, w Ji@(Qr+kor) |
- sin(—>) 5 | sin"0,
4, 2 k=—co 1+ (.QT + ka)r)
and
J. = JOS |: — J,?(Z,)
' 2 k=—co 1 + (2.(21 + kw1)2 ©

8cosA . qd,. & Ji(2) (27 +kor)
oo ady) O (@0 kor)

sin @ cos 0,
A 2

k=—co 1+ (Q‘r + kwr)

where 2/ = 2z = 2¢£1d/w, 2 = e&yd, ,/h, and J;(-) denotes the Bessel
function of the first kind. From Eq. (5), we group and isolate harmonic
contributions by defining a bracket function (depending on geometric
length d € {d,.d,}):

& T2z

Bd;t)= 1+ S E——
k=—co 1 + (Z.Qr + kan')

2 @)
_8cosA sin(ﬂ) Jk(Z) (.Qr+kan')
4, 2 k=—c0 1+ (.QT + kan')2
Thus, Eq. (5) is compactly written as
J, J,
Iz = % Bld;; 1)+ % B(dg; 7) sin 9. 8)

The harmonic (Bessel-weighted) contribution to the dc
(time-averaged) acoustoelectric current is contained in the sums inside
B(-). We therefore isolate the harmonic sum component as:

)

Sharm(7) = Z [Jlf(z/) Rgcl)(f) +JH2) RE{Z)(d; 1)] ’ ©

k=—c0
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with the rational response functions obtained as
Rz — (10)
1+ (2Qr + ko)

Rf)(d;‘r)E—SCOSAsin(ﬂ) Q1 + kot o an
4, 214 (@t + kor)

Thus, the harmonic part of J, may be written exactly as

Jo. U,
Jap = (% + 2 sin26’) Sparm (0, (12)

where the additive constant terms (i.e., “1”s in /3) may be treated as
baseline offsets and do not contribute to the Bessel-harmonic spectral
structure of interest.

We reindex into a single spectral sum by assuming that both sums in
Eq. (9) run over the same integer index set and thus, k — n to emphasise
a single spectral sum as:

o0
Sparm(@® = ) [Jf(z’)ﬁ;”(r) +J22) LY ;D) (13)
n=—co
where £” = R{" and £ = R for brevity. At this juncture everything
is exact, and Sy, is the sum of the two Bessel-weighted response
series.

We avoid complexity by mapping the two sums into a single ef-
fective spectral sum. The compact form of the acoustoelectric current
density along the axial direction introduced earlier employs a single
Bessel argument « and a single response £, (r). Three mathematically
consistent mappings justify this compactification as:

(A) Dominant-drive approximation: When either z or z’ dominates
numerically (e.g. z > z'), we neglect the weaker term and set a ~ z (or
z'). Then we have

Sharm(0) & Y J2@) LD (@),
n

with Eﬁ,em equal to the corresponding £E,1) or Ef,z).

(B) Effective-weight identification: This define the coefficients c,, ¢,
(dependent on geometry) and an a such that, for a linear combination
of the Bessel weight J2 and response term £, each n is,

THa) L£,(1) = ¢ ) LP(1) + ¢y T2 (2) LP(2).

Selecting ¢, , and possibly « to match the low-order harmonics yields
an effective single-sum representation for practical fitting.

(C) Exact single-sum representation: Formally we may define an
effective pair (a, L,) as

TX@) L,(2) = T2 L) + T2(2) LD (7), (14)

which algebraically merges the two terms into one. With this definition,

0

Sharm(M) = Y, I 1@ L, (0). (15)
Eq. (14) is simply a relabelling, and it does not loose the exact micro-
physics provided £,(r) and «a are permitted to be n-dependent objects
or to be fitted functions.

To account phenomenologically for temperature-dependent dephas-
ing and incoherent loss of harmonic weight, we multiply the spectral
sum by D(T') with 0 < D(T') < 1. Thus we define

S(T) = Z JX(@) £,(z) D(T). (16)

n=—00
We therefore take the Lorentzian form £L,(r) commonly as:

1

L,(r)= 17

S EE—
1+ (0 —nowpg) 2
where wp is the characteristic Bloch or band frequency appropri-
ate to the miniband structure (it absorbs the Q-type shifts from the
microscopic denominators).
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We further proceed to derive the thermal prefactor by evaluating
the energy integral for the current in the non-degenerate limit. With
reference to the linear-response, the acoustoelectric current density
along z re-written as:

Jup = e / 0,(9) T(9) §(9) F(I) [-0y3F (9)] d¥, (18)
where g(9) is the DOS (per unit length/volume), F(9) collects the
drive/harmonic factors, i.e., Bessel weights and resonance denomina-
tors where F(9) = [1 + e®-/kT -1, Assuming a Maxwell-Boltzmann
limit where the chemical potential satisfies ¢ < 9., then

F) =expllo—9)/kT], and —0yF(9) = kLT exp [(o — 9)/kT1].

Now assume that F(9) varies slowly over the narrow energy window
that dominates the integral, so 7(J) ~ F(J,) and can be taken outside
the integral. Then
_F®) [

AE =€ T

v-(8) 7(9) g(9) exp (0 — 9)/KT1d9. a9

Ye

For a slowly varying product near the band edge can be expanded as

9-9.\*
vz(t9)f(t9)g(:9)~A< 3 ) , (20)
0

with constants A,9, > 0 and exponent f > 0 determined by DOS
and velocity scalings (e.g., # = 0 for approximately constant product).
Changing the variable x = (9 — 9,)/kT, then

o]
/ (9 =9, O g9 = (kT (B + 1).
81,'

Substituting into Eq. (19) yields

) w

Hence the thermal prefactor scales as T/~1e@~9)/kT  Setting f = 0 =
T-! prefactor i.e. v,7g approximately constant in the contributing
window gives

Jup = er(sc)Asg” rp+1)kP T8 % ex

Tap % exp< ‘)kTsC ) F(9,).

We introduce a convenient reference temperature 7, and absorb the
constants into Jy, and explicitly factor the scattering normalisation
7 /7. This deduction yields the ansatz in the compact form as:

T, o—19
L) = 4y = exp(Tc) % S(T), (22)

with S(T) defined in Eq. (16) and J;, embodies the geometry or material
prefactor given as

Jy = % + % sin” 9. (23)

We however deduce that, the microscopic harmonic sums;
3, J2ELY + J2(2)L( are algebraically equivalent to a single sum
Y, JA @)L, once the effective parameters a« and £, are allowed to
encode both contributions (cf. Eq. (14)). Practically, we can choose (A),

(B) or (C) depending on the desired accuracy we wish to obtain. The

thermal factor —Oexp [(o —9,.)/kT] follows from the non-degenerate
limit and the assumption § = 0 where vrg is constant near 9,. If
p # O the prefactor generalises to T/~!e(e=9)/kKT The scattering-time
dependence is displayed explicitly by factorising 7 /7, and the residual
r-dependence remains inside the Lorentzian term L, (7).

Substituting the terms together yields

TO 0—19c T -~ 2 1
Tp=Jdy =2 z @) —— DT (24
AE =0 eXp( kT )ro n;w "(a)1+(w—nw3)212 0 @29

where
e®A2qtn,d?d 0(1 — a?)A sin(2 A)sin(qd,)

0“5z

os —

4Th?pvsw, sin(qd, /2)4 /1 — a21,(4;/T)
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~ e® A q*tn,d d>0(1 — a?)A%sin(2 A)sin(qd,)

0z —

4T h?pvsw, sin(qd, /2)4/1 = a21,(4,/T)

2.2. Acoustoelectric conversion efficiency

The acoustoelectric conversion efficiency quantifies how effectively
an acoustic wave can be converted into an electrical signal via carrier—
phonon interaction in the FSWCNT system. It is, however, defined as
the ratio of the output electrical power to the incident acoustic power
delivered to the interaction region:

_ PT)
- M@

ac,in

(25)

Here, P, (T) is the electrical power extracted at temperature 7', while
P, ;, denotes the acoustic power supplied by the incident phonon flux.
The ratio provides a dimensionless measure of how efficiently acous-
tic energy is transduced into electrical energy via the acoustoelectric
effect.

Microscopic-to-macroscopic link: The acoustoelectric effect pro-
duces a measurable acoustoelectric current density J,g(7) along the
FSWCNT axis. Microscopically, this current originates from the mo-
mentum transfer between travelling acoustic phonons and conduction
electrons. The phonon wave of frequency , and wavevector g exerts a
periodic perturbation on the carrier distribution function F(9), which
— after time averaging — gives rise to a net drift current proportional
to the phonon flux.

Macroscopic electrical power is then extracted when this current
flows across an effective electric field &£, developed along the FSWCNT
length L. The instantaneous electrical power density (energy per unit
volume per unit time) delivered to an external circuit is therefore

pa(T) = Jag(T) & (26)

For a device with cross-sectional area .A and length L, the total power
is obtained by integrating this density over the interaction volume:

Py(T) = py(M AL = Jog(T)E AL. 27)

Acknowledging that V' = &)L is the voltage drop and I(T) = J,g(T)A
is the total acoustoelectric current, Eq. (27) simplifies to the familiar
form

PyT) = IDV = Jyg(T)AV. (28)
Alternatively, the power per unit length is given by

P, (T

Fa@ _ JAe(T) & A.

This formalism is fully general and remains valid whether the system is
considered in total power (W) or as power densities (W/m or W/m?).

Acoustic energy input: The acoustic power incident on the FSWCNT
is characterised by the acoustic intensity 7., which represents the
phonon energy flux (W/m?) across the cross-sectional area .A. Thus,
the total acoustic power impinging on the interaction region is

Piin = I A (29

c,in

On the microscopic scale, the acoustic flux intensity can be represented
by the flow of phonon @, i.e., phonons per unit area per unit time and
the phonon energy hw, as:

1, = ®ho, => Pyin = @hoy A. (30)

C,in

This relation links the frequency spectrum and underlying phonon
population to the macroscopic power flux. Thus, the scattering rate
and phonon absorption probability, which are incorporated in the
relaxation time 7, control the energy transfer between phonons and
charge carriers.

Substituting Egs. (28) and (29) into Eq. (25) gives

TV Jap€
= ;L = % (V =&L). 31)

ac ac
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According to (31), the conversion efficiency is inversely correlated
with the intensity of the incident acoustic field and directly corre-
lated with the acoustoelectric current density. A stronger acoustoelec-
tric current at a given acoustic intensity implies higher transduction
efficiency.

Invoking the compact model for the acoustoelectric current derived
earlier, we have
o—19,

kT

T,
e = Iyt exp( ) Tio S(T), (32)

where J;) is a prefactor representing the baseline current amplitude, and
the factor

1

STy = Y JAaL,DT),  and R pr——
- B

n=—0o0

\ (33)
contains the entire harmonic and resonance structure of the acous-
toelectric effect. Here, D(T) < 1 is a phenomenological damping
factor that accounts for temperature-dependent dephasing or carrier
scattering.
Substituting Eq. (32) into Eq. (31) yields
&

_ 5 Do (
'I—IaC oTeXp

0—9,
kT

) = s, (34)
7o

Equivalently, since V = &L,

v Ty o-9.\ r < 2 1
= Jo == =2 exp( )LD Y e ——————.
n=dor 1T T ) PO 2 I P ———

(35)

n=—co

Egs. (34)-(35) are the final analytical expressions for the acoustoelec-
tric conversion efficiency, incorporating thermal activation, scattering,
harmonic response, and Bloch resonance physics. We now seek the
origin and the physical interpretation of the parameters in Eq. (34) as
follows:

&
* The term I_O Jy connects the strength of the extraction field to

the acoustic excitation. Increasing the dc electric field &, linearly
increases n until nonlinear scattering or heating arises.

The term E expl(o—9,)/kT] emerges from the Boltzmann kinetic
equation, and this quantifies the carrier population available
for phonon-electron coupling. This parameter encapsulates the
thermal activation over the energy barrier (9, — o).

The parameter L measures the degree of momentum relaxation,

i.e., longer scattit-eoring times allow more coherent carrier drift and
higher acoustoelectric efficiency.

The harmonic sum S(T) captures the nonlinear interaction be-
tween the ac drive and carrier motion in the FSWCNT. The
Bessel terms Jﬂz(a) describe sideband mixing, while £, intro-
duces Lorentzian-like resonances at integer multiples of the Bloch
frequency, which reflect the dynamic localisation or miniband
oscillation effects.

Also, D(T) captures incoherent damping mechanisms (e.g.,
phonon—phonon scattering or impurity dephasing) that suppress
the harmonic amplitudes at high temperature.

From Eq. (35), we observe several scaling and limiting behaviour trends
which follow naturally as:

* Linear field dependence: n x &, or « V for moderate fields;
higher fields increase extracted electrical power until nonlineari-
ties emerge.

 Thermal response: The thermal prefactor increases with tempera-
ture in the nondegenerate regime (¢ < 9.), which enhances 5 up
to an optimal temperature 7%, beyond which damping dominates.

* Resonant enhancement: When the ac frequency w approaches nwg,
the denominator of £, minimises, which produces peaks in .S(T)
and thus resonant enhancement of #.
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« Efficiency bound: Physical conservation demands 0 < 5 < 1;
practical efficiencies in FSWCNT-based acoustoelectric devices
typically range between 10~% and 10~2.

« Crossover behaviour: If D(T) decreases rapidly beyond a character-
istic temperature, 7(T) is suppressed even as the thermal prefactor
is enhanced, marking the onset of dephasing or miniband leakage.

Egs. (31) and (35) present a compact yet comprehensive form of the
acoustoelectric conversion efficiency. The model shows that efficient
acoustoelectric conversion in FSWCNTs requires (i) strong acoustic
coupling (large 7,.), (ii) optimal carrier relaxation times, (iii) resonance
tuning between w and wg, and (iv) moderate operating temperatures
minimising damping. Together, these determine the achievable range
of n(T) and the conditions for practical acoustoelectric transduction.

2.3. Validity of the semiclassical Boltzmann transport equation

The semiclassical BTE has been widely employed to investigate
carrier transport in low-dimensional materials whenever the electronic
band structure is treated quantum mechanically while the carrier dy-
namics are described statistically [28,30,31]. Although SWCNTs are
intrinsically quantum-confined systems, the use of the BTE remains
appropriate provided that the dominant transport mechanism is inco-
herent scattering rather than coherent wave propagation. The carrier
dynamics are governed by Eq. (32).

An important feature of the present formulation is that the quantum
nature of the nanotube is not neglected. Instead, quantum confine-
ment enters through the tight-binding electronic dispersion relation,
which incorporates the effects of circumferential quantisation and the
resulting one-dimensional electronic subbands that exhibit van Hove
singularities.

Consequently, the BTE describes the evolution of electrons within
quantum subbands rather than free electrons in a classical conduc-
tor. The validity of the semiclassical approximation depends upon
the relationship between the electron mean free path, £ = vgr, the
phase coherence length, L,, and the characteristic transport length
of the device. At elevated temperatures, electron—-phonon scattering
reduces the phase coherence length according to L, « 777, where the
exponent p depends upon the dominant scattering mechanism. Con-
sequently, increasing temperature progressively suppresses coherent
quantum transport while enhancing diffusive transport.

The temperature interval investigated in the present work (100 <
T < 500 K) corresponds to thermal energies kT = 8.617 x 107°T eV,
yielding kgT = 8.6 meV(100 K) and kgT = 43.1 meV(500 K). These ther-
mal energies are sufficiently large to broaden the carrier distribution
around the Fermi level and promote frequent phonon-assisted scatter-
ing events. Under these conditions, transport is governed primarily by
the statistical redistribution of carriers rather than by coherent wave
interference.

Quantum tunnelling has also been neglected in the present analysis.
This approximation is justified because tunnelling becomes dominant
only when the transport length approaches a few nanometres or when
resonant quantum states are established. Neither of these conditions
applies to the present device geometry.

Likewise, transport through higher electronic subbands has not
been considered. Since the carrier energies remain close to the lowest
conduction subband under the investigated operating conditions, intra-
band transport dominates the electron dynamics. Inclusion of higher
subbands would introduce only minor quantitative corrections without
altering the principal trends reported in this work.

Accordingly, the present model combines a quantum mechanical
description of the electronic structure with a semiclassical description
of carrier transport. This mixed quantum-semiclassical approach has
been widely adopted in the literature for finite-temperature transport
in carbon nanotubes and provides an appropriate balance between
physical accuracy and analytical tractability.
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3. Results and discussion

The analytical expressions derived for the acoustoelectric current
density and conversion efficiency # were evaluated numerically to
examine their dependence on key physical parameters of the FSWCNT
system. The results reveal a complex interplay between the applied
dc field, the ac modulation, temperature, and scattering mechanisms
in the FSWCNT. Analytical expressions describing the acoustoelectric
conversion efficiency in FSWCNTs specifically, along the axial direction
are derived and numerically evaluated using key parameters: w, =
101 71 v =2.5%103 m/s, @ = 10° Wb/m?, g = 10° cm™!, 2 = 105 cm™!
and 7 = 10~* cm.

The numerical calculations presented in this work employ experi-
mentally accessible operating voltages. For a nanotube length of ap-
proximately 200 nm, the applied dc voltage is restricted to values below
about 2 V, corresponding to electric fields that are routinely achieved
in carbon nanotube transport experiments. Higher bias values shown in
earlier versions of this work have been removed since they represent
only theoretical extrapolations of the nonlinear model.

Fig. 2 illustrates the dependence of the (a) acoustoelectric efficiency
() on voltage (V) for different values of acoustic intensities (1,.); (b)
Semilog plot (1) dependence on voltage (V) for different values of
acoustic intensities (I,.); (c) Dependence of acoustoelectric efficiency
() on voltage (V) for different values of temperature; (d) Semilog (1)
on voltage (V) for different values of temperature T; for ny = 10'° cm=3,
A, = 0.25 eV and 4, = 0.25 eV. Each panel 2(a-d) captures distinct
aspects of the interaction between hot carriers induced by the ac or
laser field and acoustic phonons in the FSWCNT system.

In Fig. 2(a), we observe that the efficiency » increases almost
linearly with the applied voltage V (or equivalently, the dc electric
field &) at T = 300 K (see Fig. 2a). This behaviour follows directly
from the theoretical relation obtained in Eq. (35). It is evident from
the figure that at low and moderate fields, J,; dependence on &,
varies only weakly, giving a quasi-linear rise of n with voltage. This
observed trend corresponds to the Ohmic regime, where the carrier drift
velocity scales linearly with the applied field and the carrier scattering
is field-independent.

As &, is enhanced, the Bloch frequency (wp) then approaches the ac
drive frequency w, which leads to a resonant enhancement through the
Lorentzian term. At resonance, @ ~ nwp, and the denominator in £, is
minimised, producing sharp and enhanced peaks in 5 corresponding to
efficient electron-phonon momentum transfer. Physically, these peaks
signify synchronisation between Bloch oscillations and the ac field,
yielding maximal energy conversion. Beyond this regime, excessive
heating increases the carrier scattering and which slightly suppresses
n.

We present in Fig. 2(b) the semilogarithmic variation of n with
acoustic intensity I,, at T = 300 K. The figure reveals a monotonic
decline of n as I,. increases, since the efficiency is inversely propor-
tional to I,., as expressed in Eq. (35). As J,p rises only moderately
with I,., the denominator dominates, leading to a logarithmic decay in
the semilog plot. At higher acoustic intensities, the strong phonon flux
enhances carrier-phonon scattering, which shortens the relaxation time
= and this broadens the response function £,,. This suppresses coherent
electron—phonon coupling, which also suppresses 5. The observed be-
haviour indicates a saturation regime, where increasing the acoustic
power no longer contributes to effective energy conversion but instead
increases dissipative losses through phonon heating caused by the laser
field and inelastic scattering.

The variation of # with temperature is displayed in Fig. 2(c), which
exhibits a non-monotonic behaviour—rising initially, peaking at an
intermediate temperature 7*, and then decreasing at higher temper-
ature values. This behaviour arises as a result of the competition
between the thermal and scattering effects inherent in Eq. (16), where

S(T) denotes the harmonic summation. The term ) expl(o —9,.)/(kT)]
increases with temperature as more carriers are thermally excited
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Fig. 2. (a) Dependence of acoustoelectric efficiency (1) on voltage (V) for different values of acoustic intensities (1,.); (b) Semilog plot () dependence on voltage
(V) for different values of acoustic intensities (1,,.); (c) Dependence of acoustoelectric efficiency () on voltage (V) for different values of temperature; (d) Semilog

() on voltage (V) for different values of temperature 7.

above the band edge, thus enhancing the acoustoelectric current via in-
traminiband transition. However, as the temperature further increases,
phonon—phonon and electron-phonon interactions become more and
more intense, which reduces r and introduces additional damping via
D(T). The efficiency therefore reaches a maximum at the temperature
T* where carrier activation and damping losses balance. For T >
T*, the increasing inelastic scattering and thermal dephasing domi-
nate, leading to a decay in 7. This peak marks the optimal operating
temperature for efficient acoustoelectric energy conversion.

In Fig. 2(d), we show the semilog dependence of n on the applied
dc voltage V for different temperature values. The semilog plot in
this case is particularly useful in revealing the exponential nature of
n(V) variations that are not easily visible on a linear scale. At low
voltages, n increases almost linearly, indicating that the hot carrier
drift and acoustic wave coupling remain in the linear response regime.
As V increases further, n rises sharply before reaching a saturation
region where additional voltage produces diminishing returns. This
behaviour signifies the onset of nonlinear carrier dynamics and the
partial breakdown of coherence between the electronic and acoustic
subsystems.

The influence of temperature is also clearly evident because high
temperatures lower the magnitude of n across all voltages system-
atically. This occurs because the elevated thermal energy increases
electron—-phonon scattering, and this shortens the relaxation time z,
and broadens the carrier energy distribution, thus suppressing coherent
momentum transfer. Conversely, at low temperatures, reduced phonon
activity allows electrons to interact more resonantly with the acous-
tic field, which results in high efficiency and a more pronounced
voltage-dependent growth.

The nearly exponential slope of the semilog curves at moderate
voltages suggests that n follows an approximate relation of the form

n(V,T) < exp[-y(T)/V], (36)

where y(T) is a temperature-dependent coefficient reflecting the
strength of dissipative scattering processes. The intersection of the

curves at high voltages implies a universal behaviour where the effect
of temperature becomes less dominant once the field-driven carrier
acceleration surpasses thermal broadening effects. Thus, the figure
demonstrates that both voltage and temperature play competing roles;
increasing V' enhances carrier energy and promotes efficient acous-
toelectric conversion, whilst higher temperature introduces scattering
that weakens coherence. The semilog trend thus captures the deli-
cate balance between field-driven transport and thermal damping that
controls # in F-SWCNT.

Fig. 3 shows the dependence of (a) acoustoelectric efficiency () on
voltage (V) for different values of 4;; (b) Semilog plot () on voltage
(V) for different values of A;; (c) acoustoelectric efficiency () on
voltage (V) for different values 4_; (d) Semilog (1) on voltage (V) for
different values of 4,.

The figure describes the influence of the microscopic geometric
parameters — specifically the overlap integrals 4, and 4, — and the
chiral configuration of the F-SWCNT on the conversion efficiency,
n. These parameters enter the theoretical model through the current
prefactor J;, and determine how strongly electrons couple to the applied
fields along the circumferential and axial directions of the F-SWCNT.

Fig. 3(a) shows that the conversion efficiency 5 varies noticeably
with the circumferential overlap integral A,. In the Huckel-matrix
framework, 4, represents the probability amplitude for carrier hopping
between adjacent carbon atoms along the circumferential direction of
the F-SWCNT. This parameter regulates the transverse quantisation
of the electronic states and the degree of subband mixing between
different angular momentum channels. Increasing 4, broadens the elec-
tronic bandwidth around the circumference and modifies the effective
density of states involved in electron—phonon interactions. Since J,g is
proportional to the gradient of the electronic band energy with respect
to the wavevector, 4; enters through the term

d
Jo x engAyd, sin(%) , 37)

which multiplies the temperature- and field-dependent factors. For
small 4, the electronic states are more localised along the tube axis,
resulting in stronger longitudinal coherence and high # values. As A,
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Fig. 3. (a) Dependence of acoustoelectric efficiency () on voltage (V) for different values of 4,; (b) Semilog plot (1) dependence on voltage (V) for different
values of 4;; (c) Dependence of acoustoelectric efficiency (1) on voltage (V) for different values 4.; (d) Semilog () on voltage () for different values of 4.

increases, enhanced transverse delocalisation and subband coupling in-
troduce additional scattering channels that reduce the net longitudinal
momentum transfer.

Physically, this behaviour implies that the circumferential coupling
controlled by 4; modulates the balance between coherent axial trans-
port and transverse band mixing. Optimal acoustoelectric performance
is achieved when 4; is sufficiently small to preserve a one-dimensional
transport while still allowing effective interatomic overlap for electron
mobility.

Fig. 3(b) shows the semilog variation of # with applied voltage V'
for different values of the circumferential overlap integral 4,. The over-
lap integral A, characterises the degree of electron hopping between
neighbouring carbon atoms along the circumferential direction of the
F-SWCNT and directly influences the electronic band structure and
density of states. Variations in 4, therefore modify the transverse cou-
pling between subbands and affect how effectively electrons exchange
momentum with the propagating acoustic wave.

The semilog plot reveals that » increases exponentially with V' at
low voltages and gradually approaches a saturation regime at higher
voltages. However, the slope and magnitude of 5(V') strongly depend
on A,. For small values of 4;, the curves exhibit a sharper exponential
rise, which indicates a strong localisation of electronic states and en-
hanced electron-phonon coupling efficiency along the axial direction.
Interband mixing intensifies with increasing 4;, resulting in increased
dispersion in the circumferential direction and a decrease in the net
longitudinal component of the carrier velocity.

Consequently, the efficiency decreases and the semilog curves flat-
ten. This behaviour can be described approximately by

r'(4,)
al

n(V,4A;) « exp [— (38)

where I'(4;) is an effective scattering parameter that increases with 4.
Physically, a larger A; enhances electron delocalisation and weakens
the phase coherence necessary for efficient electron-phonon momen-
tum exchange. At sufficiently high voltages, the field-induced accelera-
tion of carriers dominates over the influence of 4, and the curves con-
verge, signifying that the system approaches a field-saturated regime in
which the overlap integral plays a lesser role.

Therefore, we observe that 4, acts as a tuning parameter regulating
the degree of band mixing and coherence in fluorine-doped SWCNTs,
as observed in by the semilog plot (see Fig. 3(b)). Lower values of
A, favour strong longitudinal electron-phonon coupling and higher
acoustoelectric efficiency, whilst larger values of A, suppress n as a
result of the enhanced transverse electron dispersion and increased
inelastic scattering.

Fig. 3(c) shows that 7 increases significantly with the axial overlap
integral 4,. In the Huckel-matrix description of electronic motion in F-
SWCNTs, 4, quantifies the probability amplitude for electron hopping
between adjacent sites along the F-SWCNT axis. The current density
is proportional to the derivative of the band energy with respect to
the wavevector, which scales with 4,. Thus, a higher 4, increases
the electron-phonon coupling strength and the carrier velocity, which
results in a bigger # and a higher J,z. The prefactor

d
Jy  engA.d, sin(p . ) , (39)

which multiplies the thermal and harmonic factors in Eq. (35), shows
how 4, enters mathematically. Physically, this behaviour suggests that
a higher overall conversion efficiency is achieved by facilitating lon-
gitudinal momentum transfer between electrons and acoustic phonons
through increased z-orbital overlap along the tube axis.

For various values of the axial overlap integral 4,, Fig. 3(d) shows
the semilogarithmic dependency of the conversion efficiency # on the
applied dc voltage V. The longitudinal electronic-phonon coupling that
controls charge transport is directly determined by 4,, which denotes
the electron hopping energy between neighbouring atomic sites along
the F-SWCNT axis. Changes in 4, alter the charge carrier’s effective
bandwidth and group velocity, which in turn affects the strength of the
electron—phonon interactions that produce the acoustoelectric effect.

The semilog plot reveals that » increases exponentially with V' at
low bias and approaches saturation at higher voltages, consistent with
field-induced acceleration of carriers followed by scattering-limited
transport. However, the magnitude and slope of #(V) depend strongly
on 4,. The acoustoelectric efficiency is remarkably high, and the expo-
nential rise with voltage is steeper for large 4,. This suggests that more
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Fig. 4. (a) Dependence of acoustoelectric efficiency () on voltage (V) for different values of ¢; (b) Semilog plot (1) dependence on voltage (V) for different
values of ¢; (c) Dependence of acoustoelectric efficiency (1) on voltage (V) for different values ac amplitude «; (d) Semilog () on voltage (V) for different values

of ac amplitude a.

effective momentum transfer between the electrons and the acous-
tic wave is made possible by enhanced longitudinal electron-phonon
coupling, which also enhances the carrier mobility.

On the contrary, the conduction channel narrows and becomes less
coherent when 4, is tiny, which leads to a smoother semilog slope and
a smaller 5. The behaviour can be described approximately by
a4,
al

n(V,4,) x exp [— (40)

where I'(4,) is an effective damping factor that decreases as 4, rises,
can be used to characterise the behaviour. For large 4., the lowering of
I'(4,) indicates longer carrier relaxation durations and moderate scat-
tering, which is compatible with strong longitudinal delocalisation. The
behaviour of the curves tends to merge at higher voltages, which shows
that the system eventually saturates as the applied field overcomes the
band-structure effects. The 4, is a crucial parameter in determining
the n in FSWCNT, as the figure illustrates (see Fig. 3d). Increasing
A, strengthens axial electronic coherence, facilitates resonant energy
transfer from the acoustic wave to the charge carriers, and thereby
maximises . These findings underscore the importance of optimising
A,—through control of tube chirality, strain, or interatomic spacing—
to achieve superior acoustoelectric performance in F-SWCNT-based
nanoscale devices.

Thus, Fig. 3(a—-d) establish that the microscopic bonding parame-
ters and the chiral structure of the FSWCNT critically determine the
magnitude of the acoustoelectric conversion efficiency. Larger over-
lap integrals 4, and 4, improve electron delocalisation and enhance
field coupling, but their effectiveness depends strongly on tempera-
ture and damping conditions. Chirality controls the degree of axial-
circumferential coupling, thus influencing how effectively electrons
respond to both dc and ac fields. The results confirm that optimis-
ing F-SWCNT geometry at the atomic scale — by tailoring 4., 4,,
and the chiral vector — is an essential pathway for achieving higher
acoustoelectric conversion efficiency in nanoscale devices.

We display in Fig. 4 the dependence of (a) acoustoelectric efficiency
(n) on voltage (V) for different values of ¢; (b) Semilog plot () on
voltage (V') for different values of ¢; (c) acoustoelectric efficiency ()

on voltage (V) for different values ac amplitude «; and (d) Semilog (1)
on voltage (V) for different values of ac amplitude «

The figure explores the influence of the ac field amplitude a, the
drive frequency w, and the resulting nonlinear electron—phonon inter-
actions on the conversion efficiency . The figure demonstrates how
modulation of the ac component of the total electric field modifies the
harmonic summation term, and consequently changes the magnitude
and structure of n. The Bessel functions J,(«) describe multiphoton
sideband processes, while the Lorentzian term £, accounts for resonant
coupling between the drive frequency w and the Bloch frequency. Each
panel of Fig. 4 reveals a distinct regime of ac—dc field interaction.

In Fig. 4(a), the efficiency exhibits oscillatory dependence on «. This
behaviour arises from the Bessel function weights J"Z(a) in Eq. (35).
For small a, only the fundamental harmonic (» = 0) contributes
significantly, and # increases as a?> due to the enhancement of the
electron oscillation amplitude. As « increases, higher-order terms (n =
+1,+2,...) gain more weight and redistribute energy among multiple
sidebands. The interference among these harmonics leads to construc-
tive and destructive contributions to S(T'), resulting in oscillations of #
with a.

Physically, these oscillations reflect the transition from the linear to
the nonlinear regime of electron motion under combined ac-dc driving.
At moderate «, the system exhibits photon-assisted transport, where
electrons absorb or emit multiple photons of energy hw while interact-
ing with acoustic phonons. At very high «, sideband saturation occurs,
and the net efficiency decreases as phase mixing reduces coherent
momentum transfer. The behaviour in Fig. 4(a) therefore demonstrates
the nonlinear control of acoustoelectric conversion via field amplitude
modulation.

Fig. 4(b) shows the semilog dependence of n on the applied dc
voltage V for different values of the chemical potential ¢. The chemical
potential determines the Fermi level position and hence the number of
electrons participating in transport and their average energy relative
to the conduction subbands. In the Boltzmann transport framework,
the ¢ term determines the occupation probability of electronic states
that contribute to the J,p acoustoelectric current density. This term is
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accessed through the Fermi-Dirac term. Therefore, variations in ¢ adjust
the total coupling strength between the electrons and the acoustic
phonons and tailor the carrier population.

At low dc bias, # dependence on V rises exponentially. At high
voltages, » tends to saturate, as observed in the figure (see Fig. 4b).
The semilog slope steepens and the magnitude of 7 increases as ¢
rises, which suggests a greater acoustoelectric connection. More carriers
that can exchange momentum via intraminiband transition with the
acoustic field result from a higher density of occupied states close to the
Fermi level, which is caused by a higher chemical potential. However,
when ¢ becomes very large, degeneracy effects and Fermi screening
reduce the modulation of carrier distribution by the acoustic wave,
leading to a slower growth and eventual saturation of #.

The behaviour can be approximated by

I'(0)

nV,0) xo EXP[—T] , (41)

where I'(¢) is an effective damping parameter that increases slowly
with ¢ as electron—electron interactions and screening effects become
significant. The semilog dependence indicates that the rate of expo-
nential growth of n with V is controlled by the relative position of
the Fermi level: low ¢ (non-degenerate regime) yields weak coupling
and small #, while high ¢ (degenerate regime) enhances the coherent
electron—phonon interaction up to a saturation limit.

Thus, Fig. 4(b) demonstrates the dependency of n on the applied
voltage for different values of chemical potential ¢ for T =300 K, ny =
10" cm™3, 4, = 0.25 eV, acting as a key tuning parameter of the acous-
toelectric efficiency. Increasing ¢ enhances 7 by filling higher-energy
electronic states and strengthening the electron—phonon interaction;
however, excessive Fermi-level elevation results in screening and de-
generacy that limit additional improvement. Optimal performance is
therefore achieved at moderate ¢, where carrier density and coherence
are both maximised for efficient acoustoelectric conversion in carbon
nanotubes.

Fig. 4(c) demonstrates the combined variation of n with « at differ-
ent driving frequencies w. The efficiency oscillates with «, but both the
amplitude and position of these oscillations shift as w changes. This in-
terplay arises because the Bessel factors Jf(“) and the Lorentzian terms
L, jointly determine the harmonic content of S(T'). The Lorentzian
factor amplifies » at frequencies near wy by significantly enhancing the
contribution of a certain n harmonic. £, broadens and the contributions
from various harmonics overlap as @ moves away from resonance,
flattening the oscillations.

Mathematically, n(a, @) can be approximated by retaining only the
dominant harmonic term:

1

S S 42
1+ (w — nwp)?r? (42)

n(a,w) ~ C.If(a)
where C is a constant containing temperature and damping factors.
This expression captures the shifting maxima observed in the figure
(see Fig. 4c). Physically, the variation highlights that the efficiency can
be dynamically tuned through simultaneous modulation of both field
amplitude and frequency—a key feature for device applications such
as field-controlled acoustoelectric amplifiers.

The semilogarithmic relationship between the applied dc voltage
V and the acoustoelectric conversion efficiency # for varying ac field
amplitudes « is shown in Fig. 4(d). The strength of the alternating
electric field corresponding to photon energy is measured by the ac
amplitude a = e&;d/(hw), which measures the degree of nonlinear
modulation in the carrier dynamics.

The system functions in the linear-response regime at low a, where
the fundamental harmonic (n = 0) dominates the Bessel function
expansion of the electron distribution, causing n to grow nearly ex-
ponentially with V. Higher-order sidebands (n # 0) start to make a
substantial contribution as « rises owing to the J2(a) weighting in
the spectral summation, which controls the overall field dependence
of n. This redistribution of spectral weight among multiple harmonics

10

Diamond & Related Materials 169 (2026) 114035

modifies the effective coupling strength and phase coherence of the
electron—phonon interaction.

The semilog plot shows that as « increases, the exponential growth
of n with V becomes less steep, and the efficiency curves shift down-
ward. This indicates that strong ac modulation induces multiphoton
processes that broaden the resonance between the Bloch frequency wp
and the ac drive w, thereby reducing the net coherent transfer of energy
from the acoustic field to the electronic subsystem. The efficiency in
this regime can be approximated by

I'»

n(V,a) x M(a)exp [— 7] R (43)

where M(a) represents the a-dependent harmonic weight and I'(a)
is an effective damping parameter that increases with « as sideband
mixing and inelastic scattering intensify.

At moderate «, resonant enhancement may occur when one of the
Bessel-weighted sidebands aligns with wp ~ nw, leading to local peaks
or inflections in the semilog traces. However, at large «, the spectrum
becomes overbroadened, causing destructive interference among har-
monics and saturation of 5 at high voltages. This saturation signifies
the limit of coherent acoustoelectric energy transfer under strong-field
conditions.

Fig. 4(d) demonstrates that the ac amplitude « serves as a powerful
control parameter for tuning the nonlinear acoustoelectric response.
Small « favours sharp, resonant growth of n with voltage, while large «
introduces multiphoton sideband interactions that suppress efficiency.
Optimising a within an intermediate range therefore maximises the
field-driven coupling between acoustic and electronic modes in carbon
nanotubes.

However, Fig. 4(a—d) confirm that the acoustoelectric conversion
process in FSWCNTs is inherently nonlinear and highly sensitive to
the parameters of the ac field. The oscillatory behaviour with respect
to «, the resonant enhancement at ® ~ wp, and the temperature-
dependent saturation at strong fields collectively indicate that n can
be dynamically controlled through external field parameters. These
observations illustrate the potential of FSWCNT-based acoustoelectric
systems as tunable nanoscale energy converters, in which the frequency
and amplitude of applied electromagnetic fields may be regulated to
tailor the coupling between hot carriers and acoustic phonons.

In Fig. 5(a), n exhibits distinct resonant peaks as wp increases. This
behaviour follows from the Lorentzian form of the harmonic response
function, which appears in the summation term S(7). The efficiency
reaches its maximum when @ & nwp, corresponding to the resonance
between the applied ac drive and the natural Bloch oscillation fre-
quency of electrons in the FSWCNT’s periodic potential. At resonance,
there is a significant connection between the electronic and acoustic
systems and a noticeable amplification of 5 as the electron motion
synchronises with the field oscillations.

The response is dominated by the primary peak (n = 1) of the
Bloch oscillation, while each resonance peak represents a harmonic
(nth order). As wy rises further, higher-order harmonics (» = 2,3,...)
appear, but their amplitudes are smaller due to a drop in the Bessel
weights Jf(a). Physically, this pattern indicates that the acoustoelectric
effect in FSWCNTs is governed by a hierarchy of field-induced reso-
nances, analogous to the harmonic response observed in semiconductor
superlattices.

The semilog () dependence on the applied voltage V for different
values of Bloch frequency wp for T = 300 K, n, = 10° cm™ and
A, = 025 eV is displayed in Fig. 5b (see Fig. 5b), which illustrates
the characteristic frequency of the electron oscillations in the period
potential of the fluorine-doped SWCNT under a constant dc electric
field. The semilog representation makes the impact of w on the rate of
growth and saturation more noticeable and emphasises the exponential
dependency of n on V.

For low wp, which is equivalent to lower dc bias fields, the electrons
undergo delayed Bloch oscillations with reduced kinetic energy. This
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Fig. 5. (a) Dependence of acoustoelectric efficiency (1) on voltage (V) for different values of wg; (b) Semilog plot (1) dependence on voltage (V) for different
values of wy; (c) Dependence of acoustoelectric efficiency (1) on voltage (V) for different values damping factor D; (d) Semilog (1) on voltage (V) for different

values of damping factor D.

phenomenon leads to a mild exponential slope and a comparatively
tiny #. By strengthening the connection between the electrons and the
acoustic wave, wp increases the rate of coherent electron oscillations.
The n(V) curves show more effective energy transfer from the acoustic
to the electrical subsystem since they rise upward and have a larger
semilog slope. This behaviour persists until w approaches the ac drive
frequency w, at which point resonance conditions are satisfied and 5
reaches its maximum value.

The behaviour of the figure also reveals that beyond the resonance
condition (wp > w), the growth of n with voltage begins to saturate
and may even decline slightly. This occurs because excessively high wp
drives electrons too rapidly through the Brillouin zone, reducing their
ability to remain in phase with the acoustic field. The efficiency in this
regime can be described approximately by

I'(wg)
% s

n(V,wg) « N(wg)exp [— (44)
where M (wp) represents the resonance amplitude that peaks near wp ~
nw, and I'(wg) is an effective damping factor that increases once the
oscillation frequency exceeds the phonon response time.

The trend displayed in Fig. 5(b) physically shows how the Bloch
frequency functions as a controllable measure of the strength of the
interaction between the acoustic and electrical modes. After resonance,
scattering and phase mismatch take over, which leads to an exponential
attenuation in the semilog plot (see Fig. 5b). Initially, increasing wg
enhances coherence and increases 5. The curves’ convergence at high
V, which depicts a change to a field-saturated domain where additional
efficiency increases are constrained by pronounced nonlinear effects.

The figure, however, underscores the relevance of Bloch frequency
in determining the acoustoelectric’s performance. Accurately tuning
wp to match the ac driving frequency permits resonant amplification
of #. Any variation from this condition leads to exponential suppres-
sion, underlining the significant role of field control in optimising
FSWCNT-based acoustoelectric systems.

In Fig. 5¢ we demonstrate the acoustoelectric efficiency 5 depen-
dence on the applied dc voltage V' for different values of the damping

11

factor D(T), for T = 300 K, n, = 10" cm™ and 4, = 0.25 eV is
displayed in Fig. 5c (see Fig. 5 c). The damping factor encapsulates
all dissipative mechanisms — primarily electron-phonon scattering,
phonon—phonon interactions, impurity scattering, and lattice imperfec-
tions — that degrade the coherence of carrier motion in the nanotube.
In the theoretical model, D(T) appears as a multiplicative attenuation
term in the spectral function S(T'), such that increasing D(T) directly
weakens the amplitude of both the current density J,; and the overall
efficiency 7.

The plot shows that for all damping values, # initially increases
with ¥ as the applied field accelerates charge carriers and enhances
electron—-phonon coupling. However, as D(T) increases, both the mag-
nitude of n and the steepness of its voltage dependence decrease
significantly. This behaviour indicates that higher damping suppresses
the resonant transfer of energy between the acoustic wave and the
electron subsystem by reducing the effective relaxation time r and
disturbing the phase coherence required for Bloch oscillations. In the
low-damping limit (D(T) — 0), the electrons maintain long coherence
times, resulting in a strong, nearly quadratic dependence of # on V.
Conversely, for a high-damping regime, (V) becomes sublinear, which
reflects dominance of the diffusive transport by random scattering
events.

This effect can be approximated as

A 1 —ex (—K)
1+ 4D v )

where A represents the maximum attainable efficiency at vanishing
damping, f is a proportionality constant related to the strength of
scattering, and V}, is a characteristic saturation voltage. As D increases,
the prefactor A/(1 + pD) decreases, producing lower overall 5 values
and weaker field dependence.

Physically, Fig. 5(c) demonstrates that the damping factor D is a
critical control parameter that determines the balance between co-
herent and incoherent transport in the acoustoelectric process. Small
D values correspond to high-purity, low-defect nanotubes with long
relaxation times, which favour strong electron-phonon coupling and
large #. In contrast, large D values — arising from phonon scattering,

n(V.D) ~

(45)
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impurity defects, or thermal disorder — introduce energy losses that
convert a substantial fraction of the acoustic input into heat rather than
electrical power. The behaviour observed underscores the necessity of
minimising damping to achieve high-efficiency acoustoelectric energy
conversion in FSWCNT-based nanodevices.

We present in Fig. 5(d) the semilog dependence of the acoustoelec-
tric conversion efficiency » on the applied voltage V for various values
of the damping factor D. The damping factor encapsulates the total en-
ergy dissipation in the system arising from electron-phonon scattering,
lattice imperfections, and other inelastic processes. In the theoretical
framework adopted, D enters as a multiplicative attenuation term in
the spectral function, thereby directly modulating the amplitude of the
acoustoelectric response. The semilog representation clearly exposes
the exponential sensitivity of # to variations in both V' and D.

At small D values (weak damping), we observe a steep exponen-
tial rise of # with voltage, which signifies strong coherence between
the electronic and acoustic subsystems. In this regime, long carrier
relaxation times 7z allow the carriers to maintain phase synchrony
with the propagating acoustic wave, maximising momentum transfer
and resulting in high conversion efficiency. As D increases, however,
the semilog slope progressively flattens and the magnitude of n drops
significantly. This behaviour reflects enhanced phonon and impurity
scattering that shortens z and disrupts coherent energy exchange.

The variation can be described approximately by the empirical
relation

(D)

n(V,D) x exp [——] , (46)

4

where I'(D) is an effective dissipation parameter that grows with
increasing D. Thus, the exponential decline observed measures how
quickly damping reduces acoustoelectric performance for a specific
field strength. Moreover, all the curves in Fig. 4d converge at higher
voltages, which suggests that strong field acceleration lengthens the
effective interaction length and increases carrier drift velocity, and
helps to partially offset dissipative losses (see Fig. 5d).

Physically, damping is a major limiting element in acoustoelectric
energy conversion, as seen in Fig. 5(d). n increases exponentially as D
is minimised—by high-purity synthesis, decreased defect density, and
enhanced phonon confinement. Alternatively, high D values push the
system into a diffusive zone where a lot of the acoustic energy is lost as
heat instead of being transformed into electrical power, and incoherent
scattering predominates. The semilog dependence, therefore, highlights
the critical importance of maintaining low-damping, high-coherence
transport conditions for achieving optimal acoustoelectric efficiency in
carbon nanotube-based devices.

Taken together, Fig. 5(a-d) clearly show that the Bloch frequency
and relaxation time are the principal parameters governing resonant
acoustoelectric transport in CNTs. The periodic peaks in n(wp) arise
from harmonic Bloch oscillations, while the width and amplitude of
these peaks are controlled by z. These resonances are modulated by
temperature via thermal carrier activation and damping. The findings
obtained capture the fact that long relaxation times to maintain coher-
ence and resonant field settings (w ~ nwp) are both significant for high
efficiency. These results, which relate macroscopic energy-conversion
performance to microscopic scattering dynamics, further support the
theoretical model.

3.1. Physical basis of the compact models

The compact expressions presented in this section were introduced
to provide simple analytical representations of the numerical solutions
obtained from the semiclassical BTE. They should therefore be regarded
as reduced-order models rather than exact analytical solutions of the
governing transport equation. The carrier dynamics are obtained by
solving the BTE

ﬂ+v4Vrf+%~ka=<a—f> ,
coll

47
ot ot “47)
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subject to the electronic dispersion relation of the fluorine-doped
SWCNT and the corresponding relaxation-time approximation. The
acoustoelectric current is subsequently evaluated from

dk
JAg = ko f(k)—, 48
AE e/v()f()z,; (48)
while the conversion efficiency is calculated from
JApE
n=5—. (49

acoustic

These equations are solved numerically for different values of the
applied voltage, frequency, temperature and fluorine concentration.
Inspection of the numerical results shows that the efficiency decreases
monotonically with increasing reciprocal voltage and approaches an
asymptotic limit at large electric fields. Such behaviour is charac-
teristic of many nonequilibrium transport processes in which carrier
acceleration competes with momentum-relaxation mechanisms.

Consequently, the numerical results were approximated by the gen-
eral functional form

n(V) = Gexp(—%) +C, (50)

where G, H and C are fitting parameters determined from nonlin-
ear least-squares regression. Eq. (50) was selected because it satis-
fies the principal physical characteristics observed in the numerical
calculations. Primarily,

lim 7(V) =G +C, 1)
V-0

which represents the saturation of the conversion efficiency at suffi-
ciently large electric fields. Secondly,

lim n(V) = C, (52)

indicating the disappearance of acoustoelectric conversion in the ab-
sence of an externally applied electric field.

Furthermore, the exponential dependence naturally reflects the
competition between carrier acceleration and phonon-assisted mo-
mentum relaxation. Within the relaxation-time approximation, the
nonequilibrium carrier distribution may be approximated as

6fcxexp<—£), (53)

where 7 is the effective momentum relaxation time. Since the average
carrier transit time satisfies approximately 7 o %, where L is the
nanotube length and y is the carrier mobility, one obtains

L
o -— -
fcxexp< ;4‘:8)

Recofo}nising that the electric field is related to the applied voltage by

(54

£ = —, gives
I g

5fo<exp(—§), (55)

where H = L—z Therefore, an exponential dependence on the recipro-
cal voltage ils”consistent with the finite-time relaxation of nonequilib-
rium carriers under an applied electric field.

The coefficients appearing in Egs. (36), (38), (40), (41), (43), (44),
(45) and (46) were obtained through nonlinear least-squares regres-
sion of the numerical BTE solutions. The coefficient of determination
(R?) exceeded 0.99 for all fitted curves, demonstrating that the com-
pact models accurately reproduce the numerical simulations over the
investigated operating ranges.

Accordingly, the compact equations should be interpreted as
physics-guided reduced-order models that preserve the dominant trans-
port behaviour while providing computationally efficient expressions
for device design and engineering optimisation.
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3.2. Physical interpretation of the damping factor

The resonance behaviour of the acoustoelectric current is governed
not only by the electronic band structure but also by the finite lifetime
of the nonequilibrium carrier distribution. This finite lifetime is rep-
resented phenomenologically by the temperature- dependent damping
factor D(T).

Physically, D(T') accounts for all microscopic processes that remove
momentum from the electron population. These include

. electron-acoustic phonon scattering,
. electron-optical phonon scattering,
. impurity scattering,

. fluorine-induced lattice disorder,

. defect scattering,

. finite phonon lifetime.

U WN

Consequently,

D(T) = D, + D;

imp + DF + Dph’ (56)

where D, is the electron-phonon scattering, Dy, is the impurity
scattering, D is the fluorine-disorder scattering, and D, is the phonon
damping. The damping factor is directly related to the effective relax-
ation time,

1

D(T) = s 57
(T) (D) (57)
where

S N (58)

Teff Tep Timp Tf Tph

in accordance with Matthiessen’s rule. This expression shows that
fluorination introduces an additional scattering channel through the
relaxation time 7y, thereby reducing the overall carrier lifetime. Since
acoustic phonon populations satisfy the Bose-Einstein distribution,
the phonon scattering rate increases approximately with temperature,

L « N,, leading to D(T) increasing as T increases. Consequently, ele-
T,

p . T
vated temperatures produce stronger damping, shorter carrier lifetimes
and broader resonance peaks.

3.3. Influence of the damping factor on the resonance spectrum

Near resonance, the acoustoelectric current may be approximated
by a Lorentzian response,

Jo

w — W -
”( D) )
where @, denotes the resonance frequency, J,, represents the maximum
acoustoelectric current, and D(T) determines the resonance linewidth.

The full width at half maximum (FWHM) is I = 2D(T), demon-
strating that the damping factor directly controls the resonance width.
As the damping increases, D(T), the resonance becomes progressively
broader, I' increases while the peak amplitude decreases.

Conversely, decreasing D(T) produces narrower resonance peaks,
larger peak acoustoelectric current, higher conversion efficiency, and
longer effective carrier lifetime. These trends are entirely consistent
with the general theory of damped resonant transport in condensed-
matter systems.

J(@) = (59

3.4. Sensitivity of the present model to the damping parameter

To evaluate the robustness of the calculated resonance spectra, the
damping parameter may be varied over a physically realistic interval,
0.5D, < D(T) < 2D,,, where D,, denotes the reference value employed
throughout the present work. The numerical simulations indicate that
increasing the damping factor principally affects
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- the resonance linewidth,
« the peak acoustoelectric current,
+ the maximum conversion efficiency.

However, the locations of the resonance frequencies and the overall
dependence of the acoustoelectric efficiency on applied voltage, fre-
quency and temperature remain essentially unchanged. This behaviour
demonstrates that the conclusions of the present work are robust with
respect to reasonable variations in the phenomenological damping
parameter. For clarity, an additional figure illustrating the resonance
spectra for several representative values of D(T') has been included.

Fig. 6 presents the sensitivity of the acoustoelectric conversion
efficiency to variations in the phenomenological damping factor for
FSWCNTs. The resonance spectra are computed for four representative
damping strengths, D = 0.1D,, D = 0.5D,, D = D, and and D = 2D, in
order to evaluate the robustness of the proposed model and to elucidate
the influence of carrier relaxation on resonant acoustoelectric transport.

The damping factor is a phenomenological parameter that rep-
resents the cumulative influence of all momentum-relaxation mech-
anisms acting on charge carriers. These mechanisms include acous-
tic phonon scattering, optical phonon scattering, impurity scattering,
fluorine-induced lattice disorder, electron-defect interactions and the
finite lifetime of nonequilibrium phonons. Consequently, the effective
carrier relaxation rate may be expressed as in Eq. (58). The damping
parameter is therefore directly related to the inverse of the effective
relaxation time,

D x L,
Teff
such that larger values of D correspond to stronger carrier scattering
and shorter carrier coherence times. The acoustoelectric resonance
occurs whenever the frequency of the externally applied acoustic wave

approaches an integer multiple of the Bloch frequency,

(60)

n=0,%x1,+2,..., (61)

® =~ nwp,

where wp is the Bloch frequency generated by the applied electric field
&.

Near resonance, the carrier response is accurately represented by a

Lorentzian function,

1"2

(0 —wy)? + T2’
where J, is the maximum acoustoelectric current, w, denotes the
resonance frequency and I' = Dw represents the damping-induced
linewidth. Eq. (62) immediately demonstrates that the damping factor
influences both the resonance width and the peak amplitude while
leaving the resonance position essentially unchanged.

For the smallest damping parameter, D = 0.1D,, the resonance
exhibits the narrowest linewidth and the largest peak efficiency. Since
the effective relaxation time is inversely proportional to the damping
factor,

J(@) = J, (62)

1

Teff = Do (63)

the extremely small damping implies a relatively long carrier lifetime.
Electrons therefore preserve their crystal momentum over longer dis-
tances before scattering, allowing them to remain phase synchronised
with the propagating acoustic wave. Under these conditions, momen-
tum transfer from the acoustic phonons to the electron gas is highly
efficient, producing an almost ideal resonant response with a very large
quality factor. Physically, this regime corresponds to nearly ballistic
transport, where coherent Bloch oscillations dominate over dissipative
scattering processes.

Increasing the damping to D = 0.5D,, introduces moderate momen-
tum relaxation. Although coherent transport still dominates, scattering
events begin to interrupt the phase coherence of the carriers. Conse-
quently, the resonance peak decreases slightly while the linewidth in-
creases. The resonance nevertheless remains sharp, indicating that the
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Fig. 6. (a) Sensitivity of the acoustoelectric conversion efficiency to the phenomenological damping factor. The efficiency is plotted as a function of the normalised
driving frequency, w/wy, for three representative damping strengths, D = 0.1D,,, D = 0.5D,, D = D,,, and and D = 2D, (b) Signed semilogarithmic representation
of the acoustoelectric conversion efficiency as a function of the normalised driving frequency, w/wg, for different values of the phenomenological damping factor,

D =0.1Dy,,D =0.5D,, D =D, and and D = 2D,.

electron—-phonon interaction is still sufficiently coherent to sustain ef-
ficient acoustoelectric conversion. This regime represents high-quality
nanotubes with relatively low defect concentrations and moderate
fluorination levels.

At the reference damping value, D = D,, the scattering rate
becomes comparable to the intrinsic carrier oscillation frequency. The
resonance consequently broadens significantly because the Lorentzian
denominator,

(@ — wp)* + T2, (64)

increases with I'. Simultaneously, the resonance amplitude decreases
because the probability of coherent energy transfer from the acoustic
wave to the electron ensemble is reduced by frequent scattering events.
The corresponding full width at half maximum (FWHM) satisfies

Aw = 2T, (65)

demonstrating that the resonance linewidth increases linearly with the
damping factor.

When the damping is further increased to D = 2D,, dissipative
processes dominate the carrier dynamics. Electron—phonon collisions,
fluorine-induced lattice disorder, impurity scattering and phonon de-
cay collectively shorten the carrier lifetime, substantially reducing the
probability of coherent carrier acceleration. Consequently, the res-
onance peak is strongly suppressed while the resonance linewidth
becomes considerably broader. Despite this broadening, the resonance
frequency remains nearly unchanged because it is determined primarily
by the Bloch frequency, which depends only on the applied electric
field and the nanotube lattice constant rather than the carrier relaxation
processes.

The quality factor of the resonance,
0=2 (66)

2r
provides a quantitative measure of resonance sharpness. Since I' in-
creases directly with the damping parameter,

1

0« D’ (67)

the quality factor decreases monotonically as the damping increases.
Thus, the case D = 0.1D,, exhibits the highest quality factor, whereas
D = 2D, possesses the lowest quality factor. The observed behaviour is
also consistent with the temperature dependence of electron-phonon
scattering. The phonon population obeys the Bose-Einstein distribu-

tion, which increases with temperature. Consequently, LI Ny,
. . . p .
implying that elevated temperatures naturally increase the damping

parameter and further broaden the resonance.
Fluorination further modifies the resonance behaviour by locally
converting the carbon hybridisation from sp*> towards sp’, thereby
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reducing the delocalisation of the z-electron network. The resulting
lattice distortions increase elastic scattering and modify the electron—
phonon coupling strength, leading to shorter carrier relaxation times
and larger damping factors. Consequently, excessive fluorination broad-
ens the resonance and reduces the maximum acoustoelectric conversion
efficiency, whereas moderate fluorination preserves sufficient carrier
coherence for efficient resonant transport.

Fig. 6 overall demonstrates that the resonance characteristics pre-
dicted by the present model are remarkably robust against moderate
variations in the damping parameter. Although increasing damping
substantially broadens the resonance and suppresses the peak conver-
sion efficiency, the resonance frequency remains essentially invariant.
This behaviour confirms that the resonance position is governed pri-
marily by the intrinsic Bloch dynamics of the charge carriers, whereas
the damping parameter controls the coherence time over which effi-
cient electron-phonon momentum transfer occurs. The sensitivity anal-
ysis therefore provides strong evidence that minimising carrier scatter-
ing through optimised fluorination, reduced defect densities, and lower
operating temperatures is essential for achieving high-performance
acoustoelectric energy conversion in fluorinated carbon nanotubes.

Fig. 7 shows how 7 is impacted by the macroscopic system pa-
rameters, namely the carrier density nj, the nanotube length L, and
the combined impacts of geometric scaling and temperature. These
observed behaviours in the figures (see Fig. 7) show how 5 scales
with device size and doping level in FSWCNT, and relate the micro-
scopic transport metrics to empirically controllable parameters. Fig.
7(a) demonstrates that # increases with carrier density n, for low to
moderate doping levels, but tends to saturate or even slightly decrease
at high n,. This behaviour follows directly from the current density
expression

Jap(T) o enguag(T), (68)

where v, is the acoustoelectric drift velocity of carriers. At low n, in-
creasing the number of mobile carriers enhances the total acoustoelec-
tric current, and thus # grows proportionally. However, as n, becomes
large, several competing effects emerge: carrier—carrier scattering in-
creases, the chemical potential x approaches the conduction-band edge
9., and the assumption of a non-degenerate (Maxwell-Boltzmann) elec-
tron gas breaks down. In this high-density regime, the exponential term
expl(o—9,)/(kT)] in Eq. (35) saturates, while enhanced Coulomb inter-
actions reduce the mean free time . Consequently,  ceases to increase
and may even decline slightly due to degeneracy and scattering-induced
damping.

Physically, Fig. 7(a) indicates that there exists an optimal carrier
density n’ that maximises the acoustoelectric conversion efficiency,
beyond which additional doping yields diminishing returns. Fig. 7(b)
shows the semilogarithmic variation of the acoustoelectric conversion
efficiency » with applied dc voltage V for different nanotube lengths
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Fig. 7. (a) Dependence of acoustoelectric efficiency () on voltage (V) for different FSWCNT length L; (b) Semilog plot () dependence on voltage (V) for
different FSWCNT length L; (c) Dependence of acoustoelectric efficiency (1) on voltage (V) for different values carrier density n,; (d) Semilog (1) dependence on

voltage (V) for different values carrier density ;.

L. The length L determines the spatial extent of the interaction region
between the acoustic wave and the charge carriers, and thus strongly
affects both the generated acoustoelectric current density J,y and the
overall conversion efficiency.

In the theoretical formulation, # scales approximately as Eq. (35),
so that increasing L enhances the total energy exchange pathway,
provided that the transport remains coherent over the device length.
The n(V) curves show more effective energy transfer from the acoustic
to the electrical subsystem since they increase upward and have a
larger semilog slope. This behaviour persists until wp approaches the
ac drive frequency w, at which point resonance conditions are satisfied
and 7 reaches its maximum value. Saturation occurs at higher voltages,
after an exponential increase of n with voltage at low bias, which
is compatible with the shift from field-driven carrier acceleration to
scattering-limited transport.

Longer nanotubes allow more cumulative momentum transfer from
the acoustic field to the carrier system, as evidenced by the enhanced
magnitude of n and the steepness of the semilog slope with L. This
enhancement persists until L exceeds the effective relaxation length
I, = vqr, beyond which additional tube length contributes little to the
net current due to phase decoherence and energy dissipation.

The compact models developed in this work are intended to comple-
ment, rather than replace, the full numerical solution of the Boltzmann
transport equation. Although the numerical model provides the highest
accuracy, the compact expressions offer substantial advantages for
rapid performance estimation, parameter optimisation and circuit-level
modelling of acoustoelectric devices. Their use is therefore analogous
to compact transistor models widely employed in semiconductor device
simulation, where simplified analytical expressions are fitted to more
rigorous numerical solutions while retaining the essential underlying
physics.

The behaviour can be described approximately by
n(V,L) « L exp [—%] s (69)
where I'(L) is an effective damping parameter that increases slowly
with L as inelastic scattering accumulates along the transport path. For
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shorter tubes (L < [,), I'(L) is small, leading to a steep semilog slope
and high efficiency. For longer tubes (L > I,), I'(L) grows, reducing
the slope and causing # to approach a saturation value at large V.

Physically, Fig. 7(b) demonstrates that the nanotube length L plays
a dual role: it enhances the interaction length for acoustoelectric con-
version while simultaneously increasing opportunities for scattering.
Optimal efficiency, therefore, occurs when L is comparable to, but not
much larger than, the carrier relaxation length. The semilog depen-
dence highlights this trade-off between interaction enhancement and
dissipative loss, providing useful guidance for the design of FSWCNT-
based acoustoelectric devices where the tube length must be carefully
engineered to maximise » under given operating voltages.

The combined effect of nanotube length and carrier density is seen
in Fig. 7(c). In view of the scaling relation, the figures show that # is
high when both n, and L are large, as

0—9,
kgT
However, the dependence is not strictly multiplicative because n, also
affects o and z, which in turn influence S(T). For fixed L, g first rises
linearly with n,,, reaches a maximum, and then saturates as degeneracy
effects become significant. For fixed n(, increasing L produces nearly
linear growth, up to the limit imposed by inelastic scattering.

This combined behaviour demonstrates the interplay between the
microscopic (density-dependent) and macroscopic (length-dependent),
therefore, control of acoustoelectric efficiency. The results suggest that
optimal device design requires balancing carrier concentration and
interaction length to achieve maximal energy conversion without ex-
cessive scattering losses.

We demonstrate in Fig. 7(d) the semilogarithmic variation of the
acoustoelectric conversion efficiency » with applied dc voltage V' for
different carrier concentrations n. Since it directly influences the de-
gree of screening of the acoustic field within the FSWCNT as well as
the size of J,, the carrier density is a key factor in determining the
strength of the acoustoelectric response. In the theoretical model, the
efficiency can be expressed as

n(ny, L) x ngL [% exp( >] D(T)S(T). (70)

&
% « ng o(&,T),

ac
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where (&, T) is the field- and temperature-dependent carrier mobility.
Thus, # is expected to scale approximately linearly with n, at moderate
densities, provided that the increase in n, does not lead to excessive
scattering or degeneracy effects.

The semilog plot reveals that for all n, values, 5 increases exponen-
tially with V' in the low-field regime and saturates at higher voltages.
However, the absolute magnitude of 5 rises systematically with increas-
ing ny, and the slopes of the semilog curves become steeper. Higher
carrier densities, however, increase the number of carriers that can
interact with the acoustic field and increase the acoustoelectric current,
which is why this trend occurs. At the same time, the higher Fermi
level associated with large n, reduces the relative impact of thermal
fluctuations, thereby improving carrier coherence and extending the
effective interaction length.

At very high n), however, the rate of increase in # with V' begins
to diminish slightly, indicating the onset of screening and electron—
electron scattering effects. These processes limit the modulation of the
carrier distribution by the acoustic field and reduce the effective gain
in 5. The observed behaviour can be captured approximately by an
exponential form

F(”o)] , 1)

v, —
n(V,ng)  ng exp[ v

where I'(ny) is an effective damping parameter that increases weakly
with n, due to enhanced many-body interactions at higher carrier
densities.

Physically, Fig. 7(d) shows that increasing n, enhances the effi-
ciency mainly by increasing carrier participation and strengthening
the electron-phonon coupling. However, when n, is too high, this
causes screening and inelastic scattering, which ultimately suppresses
additional gains. This balance is well-represented by the semilog be-
haviour, where a transition to a screened, weakly linked domain is
indicated by flat slopes at very high n,, while steep slopes and higher
n at moderate n, values indicate efficient, coherent transport. This
behaviour underscores the importance of optimising carrier density
to achieve maximal acoustoelectric conversion efficiency in carbon
nanotube-based nanodevices.

3.5. Effect of fluorination on the acoustoelectric response of SWCNTs

Pristine SWCNTs possess exceptionally high carrier mobility and
long electron mean free paths owing to their quasi-one- dimensional
electronic structure. However, their relatively low intrinsic carrier con-
centration and weak tunability of the electronic states limit the effi-
ciency of acoustoelectric energy conversion. Chemical functionalisation
through fluorine doping has emerged as an effective strategy for tai-
loring the electronic, structural and transport properties of carbon
nanotubes [20-22].

Fluorine atoms possess one of the highest electronegativities in the
periodic table (yz = 3.98 on the Pauling scale) and strongly attract
electrons from neighbouring carbon atoms. The formation of C—F bonds
changes the local hybridisation from predominantly sp? towards partial
sp> character, producing localised electronic states and modifying the
r-electron network. These structural changes alter the hopping inte-
grals, carrier concentration, effective mass, density of states, relaxation
time and electron-phonon coupling, all of which directly influence the
acoustoelectric current.

Fluorination modifies the local electronic potential, thereby chang-
ing these overlap integrals,

A, AP A o AP, (72)
which consequently alters the electronic bandwidth
W o4 (4, +4,), (73)
and the electron group velocity
1 09(k)
=—-— 74
%= h ok 79
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Table 2
Comparison between pristine and F-SWCNTs.

Property Pristine SWCNT Fluorinated SWCNT
Carrier concentration Lower Higher

Density of states near E Moderate Increased

Fermi level position Intrinsic Shifted
Electron—-phonon coupling Moderate Stronger

Overlap integrals (4., 4,) Intrinsic values Modified

Electrical conductivity Moderate Tunable
Acoustoelectric current J,p Smaller Larger

Conversion efficiency n Lower Higher

Potential applications Sensors Energy harvesters,

SAW devices

Since the acoustoelectric current is proportional to the carrier veloc-
ity, modifications of the overlap integrals directly affect the conversion
efficiency. Furthermore, fluorination shifts the Fermi level through
charge transfer, where the chemical potential ¢ increases with fluorine
concentration owing to the additional electronic states introduced by
C-F bonding. Consequently, the number of electrons available for
momentum exchange with acoustic phonons increases.

Fluorination enhances both quantities through modification of the
electronic band structure and the carrier population, thereby increasing
the acoustoelectric current. The acoustoelectric conversion efficiency is
defined as

P

_ “electrical __ JAEE()

s
I acoustic

P, acoustic
showing that any increase in the acoustoelectric current immediately
produces a corresponding increase in the conversion efficiency.

Fluorination also modifies the electron-phonon coupling matrix

element

Zop =W/ 16V ), (75)

where §V is the lattice perturbation induced by the acoustic phonon.
Changes in the local bonding environment alter both the electronic
wavefunctions and the lattice potential, leading to stronger coupling
between charge carriers and acoustic phonons. This enhanced coupling
increases the rate of momentum transfer from the acoustic wave to the
electronic subsystem.

Another important consequence of fluorination is the modification
of the density of states. For an ideal one-dimensional nanotube the
density of states is

1 |dk
b= @',
which exhibits characteristic Van Hove singularities. Fluorination
broadens and slightly shifts these singularities through perturbation
of the electronic band structure while simultaneously increasing the
number of accessible electronic states near the Fermi level. As a
result, more carriers participate in the electron-phonon interaction
responsible for the acoustoelectric effect.

These combined mechanisms explain why fluorinated SWCNTSs gen-
erally exhibit larger acoustoelectric currents and higher conversion effi-
ciencies than pristine nanotubes. Density-functional theory calculations
and experimental transport measurements have consistently shown
that fluorination modifies the electronic band gap, increases carrier
concentration, changes the hopping energies and strengthens electron—
phonon interactions [20-22,26,27]. Consequently, fluorinated SWCNTs
provide an attractive platform for improving nanoscale acoustoelectric
energy conversion (see Table 2).

(76)

3.6. Practical implications of the calculated conversion efficiency

The acoustoelectric conversion efficiencies obtained in the present
work lie within the range of approximately 10~°-10~* depending upon
the operating conditions. Although these values appear small when
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Table 3
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Qualitative comparison of representative nanoscale energy-conversion materials. Numerical performance depends
strongly on device geometry, operating conditions and fabrication methods; therefore only qualitative comparisons

are presented.

Material Operating mechanism Dimensionality Typical applications

Fluorine-doped SWCNT Acoustoelectric effect Quasi-1D Nano-energy harvesting,
SAW sensors,
high-frequency electronics

Pristine SWCNT Acoustoelectric effect Quasi-1D Acoustoelectric transport,
nanoelectronics

Graphene Acoustoelectric transport 2D RF electronics, acoustic
charge transport

ZnO nanowires Piezoelectric effect 1D Nanogenerators, pressure

GaN SAW devices Surface acoustic waves

MosS,

Piezoelectric and electromechanical

sensors, self-powered
devices

Microwave filters,
resonators, wireless sensing
Flexible electronics,
wearable energy harvesting

2D/Thin film

2D

compared with macroscopic energy conversion devices, they should be
interpreted within the context of single-nanotube transport.

Unlike conventional piezoelectric generators, where a relatively
large active volume contributes to electrical power generation, the
present system consists of an individual quasi-one-dimensional carbon
nanotube whose diameter is only of the order of one nanometre.
Consequently, the interaction volume between propagating acoustic
phonons and mobile charge carriers is extremely limited.

The electrical output power generated through the acoustoelectric
effect may be expressed as P, = Jyg€A, where J,p denotes the
acoustoelectric current density. Since A = zdt, where d is the nanotube
diameter and 7 is the effective wall thickness, the active interaction
area remains extremely small. Consequently, even relatively efficient
momentum transfer between electrons and acoustic phonons produces
only a modest electrical power output for a single nanotube.

Another important consideration is that the conversion efficiency
depends not only upon the generated electrical current but also upon
the incident acoustic power. In nanoscale devices the available acoustic
power is itself very small, making direct comparisons with macroscopic
piezoelectric generators inappropriate.

The objective of the present investigation is therefore to under-
stand the microscopic transport mechanisms governing acoustoelec-
tric conversion rather than to maximise the output power of an iso-
lated nanotube. The calculated trends clearly demonstrate that fluorine
doping modifies the electronic structure, carrier concentration and
electron—-phonon interaction, leading to measurable improvements in
the conversion efficiency.

From an engineering perspective, practical acoustoelectric energy
harvesters would employ dense arrays of aligned nanotubes rather than
isolated devices. If N identical nanotubes are connected electrically in
parallel, the total generated current becomes approximately

ltolal = Nlnanotube’ (77)
while the output power increases approximately as
Ptolal = NPnunmube’ (78)

provided that mutual electrical and acoustic coupling between neigh-
bouring nanotubes remains sufficiently weak.

Consequently, although the output of a single nanotube is modest,
large-scale arrays containing millions of aligned nanotubes offer a prac-
tical route towards high-performance acoustoelectric energy harvesters.
The present study therefore provides the fundamental transport model
required for optimisation of such array-based devices (see Table 3).

3.7. Practical applications of the acoustoelectric effect in fluorine-doped
carbon nanotubes

The acoustoelectric (AE) effect provides a direct mechanism for
converting acoustic energy into electrical energy through momentum
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transfer between propagating acoustic phonons and mobile charge
carriers. Unlike conventional piezoelectric energy conversion, which
relies on strain-induced polarisation, the acoustoelectric effect origi-
nates from electron-phonon interactions and is therefore particularly
attractive for low-dimensional conductors such as carbon nanotubes,
graphene and semiconductor quantum wires [30,32,33].

SWCNTSs possess exceptionally high carrier mobilities, long electron
mean free paths and nearly ballistic charge transport over hundreds of
nanometres. Their quasi-one-dimensional electronic structure results in
enhanced confinement of charge carriers, producing strong coupling
between electrons and propagating acoustic phonons. Consequently,
even weak surface acoustic waves (SAWs) are capable of inducing
measurable acoustoelectric currents in nanotube-based devices [20,34].

The microscopic origin of the acoustoelectric effect is the transfer
of momentum from an acoustic phonon with wave vector ¢ and fre-
quency w, to conduction electrons. Conservation of energy and crystal
momentum requires

Ik +q) - I(K) = ho,, 79)

where J(k) denotes the electronic dispersion relation. The associated
electron transition probability is governed by Fermi’s Golden Rule,

2
Wieksq = 7” IM,,|*6[9(k + q) — (k) — har, | , (80)

where M,, is the electron-phonon interaction matrix element. An
increase in M,, therefore leads directly to stronger acoustoelectric
current generation.

Fluorination further enhances this process by modifying the elec-
tronic band structure of SWCNTs. Owing to the high electronegativity
of fluorine, charge redistribution occurs around the C-F bonds, pro-
ducing changes in the carrier concentration, density of states, Fermi
level position and overlap integrals. These modifications strengthen
electron—phonon coupling and increase the number of carriers par-
ticipating in momentum exchange with the acoustic wave, thereby
enhancing the acoustoelectric current and conversion efficiency [21,
22].

3.7.1. Nanoscale energy harvesting

One of the most promising applications of the acoustoelectric ef-
fect is self-powered nanoscale energy harvesting. Ambient mechanical
vibrations, ultrasonic waves and surface acoustic waves are abun-
dant in industrial, medical and environmental settings. These acoustic
disturbances may be converted directly into usable electrical energy
without requiring external power supplies. The harvested electrical
power is P = J,gEA, Although the electrical power generated by a
single nanotube is relatively small, arrays containing millions of aligned
nanotubes can collectively produce useful electrical output owing to
their extremely high packing density.
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3.7.2. Wireless surface acoustic wave sensors

F-SWCNTs have attracted considerable attention for wireless SAW
sensor technology. In these devices, an incoming surface acoustic wave
interacts with charge carriers within the nanotube, producing an acous-
toelectric current whose magnitude depends on the gas concentration,
temperature, strain or pressure acting on the device. The acousto-
electric current therefore provides a direct electrical signature of the
surrounding environment, enabling highly sensitive sensing without
moving components [35].

3.7.3. Nanoelectromechanical Systems (NEMS)

Nanoelectromechanical systems require extremely low-power trans-
ducers for signal generation and detection. F-SWCNTs are ideal candi-
dates owing to their

+ extremely low mass,

+ high Young’s modulus (~1 TPa),
» large resonance frequencies,

« excellent mechanical flexibility,

» outstanding thermal conductivity.

Strong acoustoelectric coupling enables electrical readout of mechani-
cal vibrations while simultaneously harvesting part of the vibrational
energy, making fluorinated SWCNTs attractive for integrated NEMS
resonators and oscillators.

3.7.4. Radio-frequency and microwave electronics

Surface acoustic wave devices are widely employed in
radio-frequency filters, delay lines and signal processors. Since SWC-
NTs exhibit excellent high-frequency transport properties, fluorinated
nanotubes may serve as miniaturised acoustoelectric amplifiers capable
of operating into the GHz frequency regime. Their ultrafast carrier
dynamics and reduced parasitic capacitance make them promising
building blocks for future microwave electronics [35].

3.7.5. Internet-of-things (IoT) and self-powered electronics

Future Internet-of-Things technologies require autonomous sensors
capable of operating for many years without battery replacement.
Acoustoelectric nanogenerators based on fluorinated SWCNTs offer an
attractive route towards this objective by converting environmental
vibrations and ultrasonic noise into electrical energy. Such devices
could continuously power

- wearable electronics,

+ biomedical implants,

« structural health monitoring systems,
+ environmental monitoring nodes,

+ wireless sensor networks.

3.7.6. Quantum acoustics

Another rapidly developing research direction is quantum acoustics,
in which coherent acoustic phonons are used to manipulate quantum
states. This is because F-SWCNTs possess exceptionally long electronic
coherence lengths, strong electron—phonon interactions and highly tun-
able electronic properties, fluorinated SWCNTs are promising candi-
dates for phonon-mediated quantum information processing and hybrid
quantum devices [36].

Overall, these applications demonstrate that improving the acousto-
electric conversion efficiency of fluorine-doped SWCNTs extends well
beyond fundamental transport physics. Enhanced acoustoelectric cou-
pling can enable more efficient nanoscale energy harvesters, high-
frequency sensors, self-powered electronic systems, microwave signal
processors and future phononic quantum technologies. Consequently,
understanding how microscopic parameters such as overlap integrals,
carrier density, Bloch oscillations and electron—phonon interactions
govern the conversion efficiency is of considerable scientific and tech-
nological importance.
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4. Conclusion

We examined the acoustoelectric conversion efficiency # in FSWC-
NTs using the semiclassical Boltzmann transport model under combined
dc and ac fields. The analysis accounts for Bloch oscillations, nonlin-
ear field modulation, and temperature-dependent scattering influenced
by geometric and electronic factors such as overlap integrals, carrier
density, and chirality.

According to the results, efficient electron-phonon coupling is
shown by 5 increasing almost linearly with dc voltage and displaying
resonant peaks when the Bloch frequency w matches integer multiples
of the ac frequency w. Efficiency decreases with higher acoustic inten-
sity and damping factor D(T') but peaks at an optimal temperature T*.
The axial overlap integral 4, and nanotube length L exert the strongest
control on 5, while a, ®, and n, produce secondary nonlinear effects.

The relatively small conversion efficiencies predicted for an indi-
vidual fluorine-doped SWCNT should be interpreted within the con-
text of nanoscale transport rather than macroscopic power generation.
The principal significance of the present work lies in identifying the
fundamental transport mechanisms governing acoustoelectric conver-
sion and demonstrating how fluorine functionalisation enhances device
performance. These results provide a theoretical foundation for the
future development of large-area nanotube-array acoustoelectric energy
harvesters and high-frequency nanoscale sensing technologies.

Thus, efficient acoustoelectric conversion in FSWCNTs requires
a long relaxation time r, minimal damping, and field tuning near
Bloch resonance—conditions essential for designing high-performance
nanoscale energy and sensing devices.
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