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Abstract—Impacts of modulated acoustic phonons on electron
transport in a free-standing cylindrical semiconductor nanowire
are theoretically studied. We formulate the electron scattering
rate and mobility limited by the intra-valley acoustic phonon scat-
tering mechanism, using bulk and modulated acoustic phonons
in a [001]-directed Si nanowire. The scattering rate calculated
using modulated acoustic phonons is larger than that with bulk
phonons, and therefore the mobility is smaller when modulated
acoustic phonons are incorporated. These results are attributed to
an increase of the form factor due to acoustic phonon modulation.
The form factor increase has a universality independent of wire
material and radius.

Index Terms—acoustic phonon, electron-phonon interaction,
gate-all-around, electron mobility

I. INTRODUCTION

Recently, Si nanowire metal-oxide-semiconductor field-
effect transistors (MOSFETSs) have received considerable at-
tention as one of the promising devices for future electronics
due to their improved short channel immunity [1], [2]. In
predicting device performance, precise modeling of electron
mobility is needed. At room temperature, the intra-valley
acoustic phonon scattering plays an important role as an
electron mobility limiting mechanism. Acoustic phonons in
wire structures are modulated due to the mechanical mismatch
at interfaces between different materials, and therefore they
differ from bulk phonons [3], [4], [5]. The impacts of such
modulated acoustic phonons on electron transport, particularly
the comparison with those of bulk phonons, are of great
interest. Acoustic phonon modulation is known to have sig-
nificant impacts on electron transport for plate structures [6],
[7]. For wire structures, some authors reported that electron
scattering rate calculated using modulated acoustic phonons is
larger than that with bulk phonons for III-V semiconductors,
low temperature and intra-lowest-subband scattering [8], [9],
[10]. However, in-depth studies of the impacts of modulated
acoustic phonons on electron transport (such as effects on
electron mobility, comparison with the results obtained using
bulk phonons, developing their model, and investigating their
mechanism) are still lacking.

In this paper, we theoretically study interactions between
electrons and modulated acoustic phonons in a free-standing
cylindrical semiconductor nanowire. We formulate electron
scattering rate and mobility limited by the intra-valley acoustic
phonon scattering, where the differences between bulk and
modulated acoustic phonons are encapsulated in the form
factor. The form factors for modulated acoustic phonons are
larger than those for bulk phonons regardless of electron states,
wire material and radius. The form factor increase directly
leads to increase in electron scattering rate and reduction in
mobility, which is confirmed for a [001]-directed Si nanowire.
In addition, when properly normalized, the form factor in-
crease shows a universality for wire material and radius.

II. MODULATED ACOUSTIC PHONONS

First of all, we review modulated acoustic phonons in a free-
standing cylindrical semiconductor nanowire. For details, refer
to the literatures [3], [11], [12]. In general, when a longitudinal
phonon wave impinges on a free surface, it is reflected as
a mixture of longitudinal and transverse phonon waves. The
same holds true for a transverse phonon wave incident. This
phenomenon is referred to as mode conversion [12]. Mode
conversion couples longitudinal and transverse waves in the
nanowire, which are independent of each other in a bulk
medium. Assuming that the nanowire is an isotropic contin-
uum, acoustic phonons are described by Navier’s equation:

9?S(r,t)
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where S(r, t) is the phonon displacement vector, p is the mass
density, and p and A are Lamé’s constants. This equation is

solved in the structure shown in Fig. 1, giving the general
solution as a superposition of normal modes

S(r,1) = Y Cqe'm -2 atug (r), 2)
q

= (A 20)V(V-S(r,6) ¥ x (VxS (r, 1)), (1)

where Cy is a constant for a normal mode, m,, is the phonon
azimuthal quantum number related to rotational symmetry,
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Fig. 1. Schematic view of a free-standing cylindrical semiconductor nanowire
and the coordinates.

g. is the wave vector along the wire, wq is the frequency,
and ugq(r) is the radial dependence of a normal mode. Three
components of uq(r) are as follows:

Uq,r (1) = A dy, (@) +iAng:qe Ty, (a:r)
+iAwmy(¢f + ¢2) Jm, (@:7) /7,

Uq,o(r) = iAmpJm, (@r)/r — Aampq.Jm, (@) /7 (3)
— A (g7 + qg)QtJr/np (qi7),

Uq,= (1) = 141G T, (@ur) + At G} T, (@),

where J,, (r) and J;, (r) are Bessel functions of the first
kind with order m,, and their first derivatives with respect 7,
respectively, A;, A;; and Ao are constants. The quantities ¢;
and g; are the longitudinal and transverse phonon wave vectors
in the radial direction and satisfy the following relation:

pwy = (A +2u)(af + @2) = nlq + ¢2). 4)

Applying free-surface boundary conditions, we obtain normal
modes with discrete set of wq allowed for a given m,, and g,
as shown in Fig. 2. The calculation was done for Si, which
has p = 2330kg/m>®, A = 93.4GPa, u = 51.5GPa. The
resulting normal modes are categorized into three submodes,
torsional, dilataional and flexural modes. Torsional and dilata-
tional modes are allowed for m, = 0, while flexural modes
for m, = £1,42,£3,.... Among these submodes, dilata-
tional and flexural modes contribute to electron scatterings
through deformation potentials, whereas torsional modes do
not because they do not cause local volume changes. Only
longitudinal components of the phonon waves contribute to
electron scatterings through acoustic deformation potential
(ADP) scattering mechanism.

III. ELECTRON-ACOUSTIC-PHONON INTERACTIONS

In formulating electron—acoustic-phonon interactions in the
nanowire, we assume that the electron wave functions are
written in the form

Imnk.) = @mn (1, 0)e*=* /\/L., (5)

where m and n are the quantum numbers of electron con-
finement in the azimuthal and radial direction, respectively,
k. is the electron wave vector along the wire, and L, is the
wire length. Solving Boltzmann transport equation in quasi-
one-dimensional system using relaxation time approximation
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Fig. 2. Dispersion relations of acoustic phonons in a free-standing Si
nanowire for (a) torsional, (b) dilatational, (c) lowest order flexural modes.
Each horizontal axis represents phonon wave vector along the wire g,
multiplied by the wire radius a, and each vertical axis frequency w multiplied

by a/v¢, where v; = / 1/ p is the transverse sound velocity in bulk Si. The
insets show the bird’s-eye views of phonon waves at the wire surface.

and Fermi’s golden rule gives the following electron back
scattering rate for elastic ADP scattering:

1 D2.kpTy, /"
Tmn(kz) N Ny 2h7}l2p
X 8((Bmrms + EL) = (B + E2))(1 — (kL /k2)))dk., (6)

where (E,,p, B ) are the electron energy levels of confine-
ment in the nanowire before/after the scattering, (E,, ) are
the electron energies along the wire, D,. is the ADP constant,
kg is Boltzmann constant, 71, is the lattice temperature,
vy = /(A4 2u)/p is the longitudinal sound velocity, and
Inn,mms (q.) is the form factor, which represents overlap
between the electron and phonon wave functions. For bulk
phonons, the form factor is given by

(Imn,m’n’ (=)

— 00
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which depends only on the initial/final electron states. On the
other hand, for the modulated acoustic phonons, it is given by

Imn,m’n/((Iz) = (pLz/v?)
X Z wé’<m'n”AlJmp(ql7")eimP9’mn>
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:
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Fig. 3. Ratio of the form factor calculated using the modulated and bulk
phonons, plotted as a function of phonon wave vector along the wire g,
multiplied by the wire radius a. The calculation was done for Si nanowire,
for intra-lowest-subband scattering.

where the phonon wave vector along the wire ¢, is equal
to k., — k. because of the momentum conservation, and the
summation over ¢; is taken for all discrete values allowed
for a given g, and m,,. Rewriting the electron scattering rate
1/Tmn(k.) as a function of E,, we have

1 _dy D kg1, |m
Tmn(Ez) B h2 v; 2

XY e (02) (BZ V2 + ELTV2)H(EL),  9)

m’,n’/

where F, = E, + Ep — By, dy is the valley degeneracy,
m; is the electron density-of-state effective mass, and H(E) is
Heaviside function. Using this scattering rate, ADP scattering
limited electron mobility is written as

M = (2edm/2m§ / ﬂhm:Nmn)

o [T B ) Ea., a0
0 4

where m} is the electron conductivity effective mass, Ny,
is the electron density at the subband (m,n), and F(FE) is
Fermi—Dirac distribution. Then, total mobility is given by

HADP = § N’mnﬂ’mn/ E Nm'rb~
m,n m,n

In the above formulation, the differences between bulk and
modulated acoustic phonons appear only in the form factor.
Thus, the form factor is a key quantity in discussing the effects
of the acoustic phonon modulation on electron transport.
Fig. 3 shows the form factor for intra-lowest-subband scat-
tering ((m,n) = (m/,n’) = (0,1)) calculated using the
modulated acoustic phonons, plotted as a function of phonon
wave vector q,. The vertical axis is divided by the form factor
for bulk phonons, and the horizontal axis is multiplied by the
wire radius a, so that the curve is valid for any wire radius.
In the calculation, the electrons were confined to the nanowire
due to infinite potential barrier, and the wire material was set
to Si. Note that the form factor at small g.a is larger than
that for bulk phonons, while they are equal at large g.a. Such
a form factor increase has been confirmed for all initial/final
electron states. The form factor increase leads to increase in the
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Fig. 4. ADP scattering rate of 4-fold valley electrons in the lowest subband
in a [001]-directed free-standing Si nanowire with 2nm radius plotted as a
function of electron energy along the wire E, divided by the thermal energy.
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Fig. 5. Schematic view of the conduction band valleys in a [001]-directed
free-standing Si nanowire.

electron scattering rate through (6) or (9), and hence reduction
of the electron mobility. Fig. 4 shows the electron scattering
rate (9) as a function of electron energy along the wire E,. The
calculation was done for electrons in the lowest subband in a
Si nanowire with radius 2 nm. The Si nanowire is assumed
to be directed to the [001] direction, then conduction band
valleys are of two types, 2-fold and 4-fold valley as illustrated
in Fig. 5. The results shown in Fig. 4 correspond to the 4-fold
valley. In addition, D,. was set to 12 eV, T, and 11, were
both 300 K. Note that the scattering rate calculated using the
modulated acoustic phonons is larger than that obtained for
bulk phonons. Also note that the scattering rate diverges at
E, = Enw — E,,, because the electron density of states
for the final state E,,, diverges. Fig. 6(a) shows the total
electron mobility limited by the intra-valley acoustic phonon
scattering (11) plotted as a function of wire radius a. In the
calculation, the electron density was set to 2.0 x 109 m~1. As
can be expected from the scattering rate increase, the reduction
of electron mobility due to the acoustic phonon modulation is
observed. The mobility reduction becomes more significant
with decreasing radius as shown in Fig. 6(b). The dotted lines
in Fig. 6(a) are the results of the following formula obtained
using bulk phonons and an assumption that electrons exist only
in the lowest subband:

7T€h21112pJ1 (Ro,1)

d DaCkBTLm* \/2

! ©F(E E, -1
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Fig. 6. (a) Intra-valley acoustic phonon scattering limited electron mobility
for 2- and 4-fold valley electrons in a [001]-directed free-standing Si nanowire
plotted as a function of wire radius a. (b) Ratio of mobility calculated using
modulated acoustic phonons to that calculated using bulk phonons.

Fig. 7. Universal form factor increase for intra- and inter-subband scatterings
plotted for various wire materials.

where Ry is the first positive zero of Bessel function of
the first kind with order zero. This formula is in excellent
agreement with the numerical results for bulk phonons at small
radius. With increasing radius, however, electrons in the lowest
subband are excited to higher subbands due to narrower energy
gaps, and consequently, they undergo more frequent scattering.
Therefore, at large radius, the electron mobility numerically
calculated using bulk phonons deviates from (12).

IV. UNIVERSALITY IN ELECTRON-MODULATED-
ACOUSTIC-PHONON INTERACTIONS

Fig. 7 shows the form factor increases Alypmin =
L m'n’ — Imn,m/n/puk for intra- and inter-subband scatter-
ings plotted for different wire materials, Si (A\/p ~ 1.82),
Ge (0.848), GaAs (0.895) and GaN(3.99). The vertical axis
is multiplied by (2 + 3(\/u))a®. The form factor increase
is observed for all the cases, moreover the curves do not
depend on wire material. These characteristics of the form

factor increase have been confirmed for arbitrary initial/final
electron states and wire material having positive A\/u. Fig. 7
indicates that ¢ = 1/(2 + 3(\/p)) is a good parameter in
comparing the impact of the acoustic phonon modulation on
electron transport between different materials. Introducing the
bulk modulus K, ¢ is rewritten as p/3K. The Lamé’s second
constant y is the equivalent for the shear modulus, therefore a
material which can be easily deformed by uniform pressure
while not by shear stress has large ¢ and the modulated
acoustic phonons significantly affect electron transport.

V. CONCLUSIONS

In conclusion, we have theoretically studied the interactions
between electrons and modulated acoustic phonons in a free-
standing cylindrical semiconductor nanowire. In formulating
the interactions, the differences between bulk and modulated
acoustic phonons have been encapsulated in the form factor.
The form factor calculated using modulated acoustic phonons
is larger than that with bulk phonons regardless of electron
states, wire material and radius. This increase directly leads
to increase in electron scattering rate and reduction in mobility,
which has been confirmed for a [001]-directed Si nanowire, In
addition, it has been found that the form factor increase has a
universality independent of wire material and radius.
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