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Electron—-acoustic phonon interaction and mobility
in stressed rectangular silicon nanowires*
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We investigate the effects of pre-stress and surface tension on the electron—acoustic phonon scattering rate and the
mobility of rectangular silicon nanowires. With the elastic theory and the interaction Hamiltonian for the deformation
potential, which considers both the surface energy and the acoustoelastic effects, the phonon dispersion relation for a
stressed nanowire under spatial confinement is derived. The subsequent analysis indicates that both surface tension and
pre-stress can dramatically change the electron—acoustic phonon interaction. Under a negative (positive) surface tension
and a tensile (compressive) pre-stress, the electron mobility is reduced (enhanced) due to the decrease (increase) of the
phonon energy as well as the deformation-potential scattering rate. This study suggests an alternative approach based on
the strain engineering to tune the speed and the drive current of low-dimensional electronic devices.
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1. Introduction

Low-dimensional structures such as silicon nanowires
have stimulated considerable interest due to their potential ap-
plications in nanoelectronic or nanomechanical devices.!!!
These nanostructures display unique and enhanced mechan-
ical, electric, and thermal properties with respect to the
corresponding bulk materials. The tiny sizes endow these
nanostructures with novel physical and mechanical properties,
which demands a better understanding. The phonon proper-
ties which are relevant to the thermal and electric performance
in semiconductor nanostructures, have attracted much scien-
tific attention.>7! Through controlling and manipulating the
phonon dispersion, the phonon group velocity, and the density
of states, the phonon engineering approaches have been sug-
gested to tune the thermal and electric properties of the nanos-
tructures, for example, the phonon thermal conductivity and
the electron—acoustic phonon interaction. =101

The electron—acoustic phonon interaction is of high in-
terest since it inevitably influences the charge carrier mobility
in the semiconductor nanostructures, which is linked to the
performance of complementary metal-oxide—semiconductors
(CMOS). A higher mobility would lead to a shorter switch-
ing time and a lower power consumption. The carrier mo-
bility is also related to the performance of the thermoelec-

tric materials, and increasing the mobility!!-13] ¢

an improve
the thermoelectric figure of merit. For instance, Fujisawa et
al."™) demonstrated the importance of the electron—acoustic

phonon interaction in the spontaneous emission spectrum of
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double quantum dot devices for non-suspended quantum dots
in AlGaAs/GaAs heterostructures; Wang et al.!'?! highlighted
the contribution of the electron—phonon coupling in achiev-
ing a good thermoelectric performance in n-type PbSe. On
the other hand, the phonon engineering approaches have been
widely applied to tune the electron—acoustic phonon interac-
tion by tailoring the phonon mode spectrum, ! including the

14,15]

spatial confinement,! variations in the geometrical sizes

16,171 and a proper selection of acousti-

18,19]

of the nanostructures, |
cally mismatched nanostructures. !

Considerably large residual stresses exist in the layered
nanostructures as well as in the nanoelectronic devices,[20-21]
these pre-stresses lead to significant changes in the acoustic
phonon properties, though the acoustoelastic effect due to the
stresses can be negligible in the bulk materials. In addition,
the surface tension, which arises from the dynamic structural
changes of the surface atoms or the redistributed charge den-
sity on the surface,”*! can also influence the phonon perfor-
mance of the nanostructures. Many studies have been devoted
to understanding how the imposed strain/stress fields and the
surface tension influence the mechanical and physical proper-
ties, such as the elastic modulus, thermal and electric prop-
erties, in the bulk materials and the nanostructures.??-3% For
example, Osetrov et al. B1 gtudied the acoustoelastic effect in
layered heterostructures and concluded that the acoustic wave
propagation could be severely affected by the residual stress
as well as the third-order elastic constants; Zhu and Zheng!3?!
applied the continuum elastic theory to simulate the phonon
properties and showed that the stress field can modify the
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phonon thermal conductivity of a nano film completely; Lian-
gruksa and Puri!®! revealed that the lattice thermal conductiv-
ity can be changed by the surface tension in silicon nanowires.
However, only a few of studies have been undertaken to pro-
vide insights into the electron—acoustic phonon interaction in
the stressed nanostructure.[® In this work, we investigate the
electron—acoustic phonon interaction and the mobility in sili-
con nanowires under both pre-stress and surface tension. The
continuum elastic theory is utilized to calculate the phonon
properties with spatial confinement and acoustoelastic effect
in the rectangular nanowires. Through taking into account the
surface energy, the effect of the surface tension is absorbed
into the effective elastic modulus of the nanowires. The in-
teraction Hamiltonian for the deformation potential associated
with confined acoustic phonons in the stressed nanowires is
formulated to obtain the electron—acoustic phonon scattering
rate and the mobility. The quantitative results are presented to
illuminate the effects of the surface tension and the pre-stress
on the phonon dispersion, as well as the resulting electron—
acoustic phonon coupling in the silicon rectangular nanowires.
It is found that the scattering rate and the mobility are sensitive
to the surface tension and the pre-stress.

2. Elastic model of phonons

The continuum elasticity theory is generally utilized to
characterize the acoustic phonon properties of spatially con-
fined nanostructures. 3341 The wave equation of the displace-
ment field for elastic vibrations in an anisotropic structure can
be given as

82ui . 8G,~j
P = ox;

6]

where p is the density of the natural state, w(uj,up,u3) is
the displacement vector, and o;; = C;jiuy is the stress ten-
sor with Cjji; being the natural second-order elastic modulus
tensor. When the size of a structure shrinks to the nanometer
scale, the surface plays a central role in the performance of
the nanostructure. In the presence of the surface tension the
surface strain energy needs to be accounted for in deriving the
elastic properties of the nanowire, which can be expressed as

)

(2) g

I =I5+ Ly ey + TG apein /2 @
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B
where I’ a(/li) =TI 0523) +Af, I’ a(é) denotes the initial surface ten-
sion, and Af stands for the applied surface tension, which
can originate from the changes of the surface atoms attached
to a substrate>>3¢) and the surface charge.’”-38 Using the
method proposed in Ref. [39] to study the elastic properties
of the nanostructural elements, the elastic modulus tensor for
the nanowire under an applied surface stress can be given as

Cijxt = Cijia +2(Qijit — CijrtmnMmnpqTpq) /Do, (3)

where Ty = Top = To + Toa, T3 =2(To+ Toa), Toa =Af, Dy is
the smallest length in the cross-section of the nanowire C;jiimn
is the natural third-order elastic modulus tensor, and M4 is
the inverse of the natural second-order elastic modulus tensor.
Here T;; and Q; i are the surface elastic constants associated

with I’ OE ;3), r OEE)K 5» and the applied surface tension, for example,

Féé)(a,ﬁ =1,2) = Todqp. Note that the tensor T;; involves
the applied surface tension, giving rise to the elastic modulus
as a function of the applied surface tension. Then, the elastic
constants in Eq. (1) should be replaced by the effective elastic
constant given in Eq. (3).

It is worth noting that the normal acoustic vibration
modes in free-standing rods of rectangular cross-section
have been studied by Morse in homogeneous and isotropic
approximation.*’l When the thermal energy or the acoustic
wave propagates along the x3 direction, the displacements
of the nanowire are functions of xj, xp, and x3, and one
can look for the solution of Eq. (1) in the form of u =
a(x1,x2)expli(qo - x3 — or)], where g is the wave vector and
o is the phonon frequency. The boundary conditions of the
nanowire are taken as

o1 =0y =031 =0 at x; = *+a,
Oy =012 =03 =0 at x, = +d,

“

where 2a is the thickness and 24 is the width. By adopting the
approximate separation of variables solution given by Morse
for the compressional modes, the dispersion relation of the
thickness modes is given by

tangaa _ 4q1q2(W* +q3)
tangia (B2 443 —q3)’

&)

which results from the conditions to determine the coefficients
in the displacement solutions. We have

6llq%+al]h2 =P0)2—61361%7

- = ~ 6)
Ce643+(2Ce6 — Cas)* = pw* — Cauqy,

where C 11, c 12, c 13 644, and 666 represent the non-zero com-
ponents of 6,-jk1 in which E‘i;jj — 6’,-,, and ¢, g2, and & are the
parameters in the trigonometric function for the solution of
@(x1,x;). These parameters can be determined by combining
Egs. (5) and (6). Therefore, the quantitative dispersion rela-
tion for the thickness modes in the silicon nanowire under an
applied surface stress can be obtained by numerical methods.
In addition to these modes, another set of acoustic modes are
the width modes, which can be determined in a manner similar
to that used for the thickness modes.

3. Confined phonons in silicon nanowire

Consider a silicon nanowire subjected to a lateral stress,
which is equal in both transverse directions, as shown in Fig. 1.
Suppose the nanowire is isotropic, the initial stress state of the
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Fig. 1. Schematic diagram of a stressed rectangular silicon nanowire
with pre-stress oy in x| and x; directions.

nanowire is given by o, = 6%, = 0y, 0% = 0. Herein, 68- is
the static stress tensor, subscripts 1 and 2 denote the transverse
directions, and subscript 3 indicates the axial direction. With
the elasticity theory, the initial strains are given by

0 Sn—sn2
I/ll = — > 6(),
511522 — S5
0 _ Suu—Si2
Uy =—7 00,
511822 — S,
0 _ C13 0 C23 0
U3z = ——— Uy — = U, @)
Cs3 Cs3

where 511 = C1 — Cl3/Ca3, 512 = Ci2 — C13C23/C3, 522 =
622 — 6%3 / 633, and u?j is the static strain tensor. Due to the
appearance of non-vanishing stress components, the governing
equation describing the elastic vibration of the wire becomes

ewazu,- J ~* 8uk 82ui
3 = 3 (g ) +o "o @

where u; is the displacement vector, p"* ~ p(1 — Au®) is the
density with the static strains, and Al = ”(1)1 +u82 +u(3)3. Then,

the effective elastic modulus tensor C; ; can be expressed as

ijk

—~x%

00
Ciju = Czjkl(1+“u+uu+“kk+”zz 11— Uy — U33)

+ Cijktmntony- 9)

The non-zero components of the effective elastic modulus can
be written explicitly as

C11 —C11(1+2“11 —u33) + (Criy +Cri2)ud + Criouds,
C33 = C“(l —|—2u11 —u33) +2C112u11 +C111u33,

Cis —612(1+”33)+(C123 +Crio)ul; + Criouds, (10)
Cry = Cia(1+udy) +2C1 1240, + Cia3uls,

614 = Cas(1 4 ul3) + (Craa + Ci55)uf; + Cissuls,

and C*11 = CZz’ C;3 = Ci3’ Cgs = Cjw Cge = (CL —Cjz)/z-
The Ci11, Ci12, Ciaa, Ciss, and Cipz represent the non-
zero components of Cjjxmn and C;jj — Cijr. By adopting
the method utilized by Morse to solve the displacements in
Eq. (8), the relations between the frequency and the wave vec-

tor in the compressional modes are modified as

(C11+‘711) (C11+622)h
= pﬂCWw2 (C 633)q03 (11)
(Ceo + o) )43 +(2Cg6 — Cay + o, )h*

= p"Mw’ - (C44+G33)40-

Then, the phonon dispersion relation in the stressed nanowire
under the applied surface stress can be determined through
combining Egs. (5) and (11).

4. Electron-acoustic phonon interaction and
mobility

The electron—acoustic phonon interaction includes the
contributions from both the deformation potential coupling
and the piezoelectric coupling. Since the focus of this work
is on the variations of the deformation potential in the stressed
silicon nanowires with surface tension, the latter contribution
will be ignored in the following discussion. The Hamiltonian
for the electron—acoustic phonon interaction through the de-
formation potential coupling of the thickness mode in the rect-
angular nanowire is written as

Huer = Ey Z [Cmm(‘IO)""c:l,m(_QO)]

q0,1,m
au] a igoxs
12
<3x1+8 +1‘]0“3>e ) (12)

where ¢,m(qo) and c;, ,,(—qo) are the usual annihilation and
creation operators. With the quantum limit assumption, the
ground-state effective-mass electronic wave function can be

given by

0s (@) ei‘k-’%’ (13)

Vo = \/deCOS (%) Y

with the eigenenergy

=G (5]} e

where ¢. is the wave vector of the electrons. The relevant

electron—phonon matrix element is
pl’lCWa)
Mk, = Y EA—
T g c,, @a(r’—qia®)
2
% Oge—gl+go”t
{(n+1/2)n[1—(n+1/2)7]}
X [enm(qo) +C;:,m(_q0)]‘ (15)

nsin(qa)

Here, A is the constant related to the size of the wire and pa-
rameters ¢; and g». According to Fermi’s golden rule, the
electron—acoustic phonon scattering rate corresponding to the

matrix element in Eq. (15) can be obtained as

_ 27
T I(Qe) = ?Z|Mgfm|25%7qé
qe
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+o0 1 pnew
= Z/ quE‘% (2 new, 4B ) ~*
nmv —°° p™adby, q1C11
1 1
< @) 27 <N+ " 2)
oo,
X 8 %(40 qZZCIeQO) ihwqo , (16)

where Z; = msin(q1a)/[q1a(7* — ¢}a*)), Zo=1/{(n+1/2)x
[1—(n+ 1/2)2]}, and By, is associated with parameters A, g1,
and ¢,. The scattering rate for the width mode can be formu-
lated by following the same procedure described above. The
calculation of the relaxation time from Fermi’s golden rule al-
lows us to compare the electron—phonon scattering rates for
the same mechanism with different applied stress fields, as
well as the surface tension. Then, the carrier mobility is cal-

culated using the following expression: 13411

o [ es@nel - e

u(T) = =
m*kBT /O f()(S-I-E())dS

;AN

where f is the Fermi distribution, e is the electron charge, m*
is the effective electron mass, and & is the electron ground-
state energy. Note that the strain/stress fields can alter the ef-
fective masses, the number of conduction channels, and the
deformation potentials, all of which can influence the mobil-
ity of the silicon nanowires.[*>~*¥ Since our goal is to focus
on the modification of the carrier mobility stemming from the
change of the phonon dispersion by the stress fields, the con-
tribution of the electronic structures in the stressed nanowires
is not taken into account.

5. Results and discussion

To demonstrate how the stress fields, including the ap-
plied surface tension and the pre-stresses, affect the phonon
properties and the relevant electron—acoustic phonon interac-
tion in the confined silicon nanowires, numerical calculations
are conducted. The bulk elastic parameters of silicon, C;jy
and C;jijmn, are given in Ref. [45]. As an example, we present
the phonon energy as a function of the phonon wave vector,
corresponding to the thickness mode, under different stress
states. Firstly, the phonon dispersion relation with a posi-
tive or negative applied surface stress in a 6 nmx 12 nm free-
standing nanowire is shown in Fig. 2. Our results clearly in-
dicate that the dispersion relation is sensitive to the surface
stress. A negative surface tension reduces the phonon energy
while a positive one increases it. With increasing wave vec-
tor g, the phonon energy changes more and more significantly
under the surface tension. One can also note that a negative
surface stress affects the phonon properties more significantly
than a positive one does. Next, the phonon energy of the sili-
con nanowire under different pre-stresses as a function of the

phonon wave vector is shown in Fig. 3. One can see from
Fig. 3 that a compressive stress leads to an increase in the
phonon energy, whereas a tensile stress reduces the phonon en-
ergy, which is of an inverse trend to the variation of the phonon
energy induced by the surface tension. Meanwhile, unlike the
case of the silicon nanowire under an applied surface tension,
the tensile pre-stress has more contributions to the phonon en-
ergy than the compressive one does. Figures 2(b) and 3(b)
plot the phonon dispersion relations of a silicon nanowire with
a cross-section of 12 nmx24 nm under different stress states.
The calculations suggest that the influences of the surface ten-
sion and the pre-stress on the phonon energy are associated
with the size of the wire. The thicker nanowire has less varia-
tion of the phonon energy under both applied surface tension
and pre-stresses.

The electron—acoustic phonon scattering rates origi-
nated from the deformation potential interaction have been
calculated for the silicon nanowire, where the aspect ra-
The scat-
tering rates for emission and absorption under different

tio of width to thickness is taken as two.

stresses are displayed as functions of the electron energy

18

—
S

—_
o

Energy/meV

surface stress =0 N/m
------ surface stress =5 N/m
—-— surface stress=—5 N/m
i 1 i 1 i
0.5 1.0 1.5 2.0

1

Wave vector/nm™

Energy/meV

surface stress=0 N/m
surface stress=5 N/m
— - — surface stress= —5 N/m
0 0.1 02 03 04 05 06 07 038

1

Wave vector/nm™

Fig. 2. (color online) Acoustic phonon dispersion relations for silicon
nanowire with different applied surface tensions. The nanowire is sub-
jected to the surface stress of £5 N/m. The surface stress along the
surface direction follows the definition of surface tension, which can
be positive and negative; and it can be originated from surface engi-
neering such as changing the surface atoms or redistributing the surface
charge. The cross-section of the nanowire is 6 nmx 12 nm in panel (a)
and 12 nmx24 nm in panel (b).
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Fig. 3. (color online) Acoustic phonon dispersion relations for silicon
nanowire with different pre-stress fields. The pre-stresses are +5 GPa.
The pre-stress is the lateral stress, which is equal in both transverse di-
rections; and it can arise from the deformation of the substrate in which
the wires are assembled or the thermal stress between the substrate and
the wires. The cross-section of the nanowire is 6 nmx 12 nm in panel
(a) and 12 nmx24 nm in panel (b).

in Figs. 4(a) and 4(b) for the silicon nanowire with the cross-
section of 6 nmx12 nm. A distinct and important feature
shown in Fig. 4 is that, for the scattering rate of emission
at low energies, a negative surface tension and a tensile pre-
stress give rise to the pronounced peaks early, while a positive
surface stress and a compressive pre-stress delay the appear-
ance of the peaks. It is also interesting to note in Fig. 4(a)
that under a positive (negative) surface tension, the scatter-
ing rate is enhanced (reduced) on the left hand side of the
peak while the rate is decreased (increased) on the right hand
side of the peak. However, with the presence of the pre-
stresses, the scattering rate of emission remains enhanced
(weakened) under the tensile (compressive) pre-stress, which
is independent on the appearance of the peaks, as shown in
Fig. 4(b). For the case of absorption, a negative surface stress
and a compressive pre-stress can both increase the scattering
rate, and a positive surface tension and a tensile pre-stress
make the rate decreased. Figure 5 presents the calculations
analogous to those of Fig. 4 for the nanowire with the cross-
section of 12 nmx24 nm. One can notice from Figs. 4 and 5
that the contributions of the applied surface stresses and the
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Fig. 4. (color online) Deformation-potential scattering rates for silicon
nanowire with (a) different applied surface stresses and (b) different
pre-stress fields. The cross-section of the wire is 6 nmx 12 nm.
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Fig. 5. (color online) Deformation-potential scattering rates for silicon
nanowire with (a) different applied surface stresses and (b) different
pre-stress fields. The cross-section of the wire is 12 nmx24 nm.
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pre-stresses to the scattering rate of the silicon nanowire are
sensitive to the thickness of the wire. The imposed stresses
can affect the electron—acoustic phonon interaction more sig-
nificantly for the smaller wire. This can be understood by the
fact that the spatial confinement of the phonon becomes more
remarkable with the decreased diameter of the nanowire. Fur-
thermore, it can be noted from Figs. 4(a) and 4(b) that the scat-
tering rate of emission is much more sensitive to the applied
surface than the rate of absorption.

The dependences of the phonon dispersion and the
electron—acoustic phonon interaction on the applied surface
tension and the pre-stresses lead us to believe that an im-
posed stress field can also alter the carrier mobility of the sil-
icon nanowire. Indeed, the total carrier mobility of the sili-
con nanowire can be calculated by summing its values corre-
sponding to the scattering rates for absorption and emission.
Figure 6(a) plots the temperature dependent mobility of the Si
nanowire with different surface tensions, in which the thick-
ness and the width modes of phonons are both included in the
scattering rates. Clearly, the applied surface tension changes
the dependence of the mobility on temperature significantly.
Similar to the phonon dispersion, a positive surface tension is
found to enhance the mobility while a negative surface ten-
sion suppresses the carrier moving capability of the wire. In
addition, the mobility as a function of the temperature is also
shown for various pre-stresses in Fig. 6(b). Through compar-
ison with the results in Fig. 6(a), it is noteworthy to point out
that the decrease in the mobility caused by the negative sur-
face tension and the tensile pre-stress is much greater than the
increase in the mobility originating from the positive surface
tension and the compressive pre-stress. The most striking fea-
ture revealed in Figs. 6(a) and 6(b) is that the appearance of
a positive surface stress and a compressive pre-stress makes
the mobility a bit more sensitive to the temperature, whereas
a negative surface tension and an extensional pre-stress tend
to significantly minimize any temperature dependence of the
carrier mobility. Finally, we present the comparison between
the predicted change of the electron mobility in the stressed
silicon nanowire with that in the stressed bulk silicon!*®4"! in
Fig. 7(a). It can be noted that the slope of the curve for the
silicon nanowire in the range of stress less than 500 MPa is
quite different from that for the bulk silicon, while the sat-
uration value of the change of mobility in the nanowire for
the compression stress is close to the value in the bulk case.
In addition, we also plot the electron mobility as a function
of the pre-strain in Fig. 7(b) and make a comparison with
the results simulated by an atomic method for the (001) sil-
icon nanowire. It is clearly noted that the predicted strain-
dependent mobility is agreeable with the one obtained from
the atomic simulations.[##!
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6. Conclusion

We have explored the electron—acoustic phonon interac-
tion and the carrier mobility of the stressed silicon nanowires
under applied surface tension. The effects of the surface ten-
sion and the pre-stress on the phonon dispersion and the de-
formation potential induced electron—acoustic phonon scatter-
ing rate of the wire are quantitatively studied. The numeri-
cal results indicate that the surface stress and the pre-stress
field can significantly modify the phonon performance, such
as the phonon dispersion and the electron—acoustic phonon in-
teraction, which ultimately affect the carrier mobility of the
nanowire. In addition, we also show that the stress can adjust
the sensitivity of the electron—acoustic phonon scattering rate
and the mobility to the physical size of the wire as well as to
the temperature. These results may shed light on an alterna-
tive and efficient approach for controlling the phonon proper-
ties and enhancing the performance of various nanoelectronic
devices.
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