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Surface charges can modify the elastic modulus of nanostructure, leading to the change of the phonon and thermal
properties in semiconductor nanostructure. In this work, the influence of surface charges on the phonon properties and
phonon thermal conductivity of GaN nanofilm are quantitatively investigated. In the framework of continuum mechanics,
the modified elastic modulus can be derived for the nanofilm with surface charges. The elastic model is presented to
analyze the phonon properties such as the phonon dispersion relation, phonon group velocity, density of states of phonons
in nanofilm with the surface charges. The phonon thermal conductivity of nanofilm can be obtained by considering surface
charges. The simulation results demonstrate that surface charges can significantly change the phonon properties and thermal
conductivity in a GaN nanofilm. Positive surface charges reduce the phonon energy and phonon group velocity but increase
the density of states of phonons. The surface charges can change the size and temperature dependence of phonon thermal
conductivity of GaN nanofilm. Based on these theoretical results, one can adjust the phonon properties and temperature/size
dependent thermal conductivity in GaN nanofilm by changing the surface charges.

Keywords: surface charges, GaN nanofilm, elastic model, phonon properties, thermal conductivity
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1. Introduction
Due to the novel properties and wide applications in elec-

tronic devices, nanostructured semiconductors have received a
great deal of attention in the last decades.[1–4] As the phonon
thermal conductivity is one of most important parameters of
semiconductor nanostructures, it plays an essential role in
investigating the semiconductor nanostructures used in elec-
tronic devices to understand the phonon and thermal prop-
erties of semiconductor nanostructure comprehensively.[1,5–7]

For example, thermoelectric converters require as lower ther-
mal conductivity as possible to improve the thermoelectric
conversion efficiency, while nanoelectronic devices require as
much higher thermal conductivity as possible for efficient heat
dissipation.[8–12] Therefore, the phonon and thermal properties
of semiconductor nanostructures have aroused the great inter-
est in the precise design and application of electronic devices.

So far, a lot of researches have focused on the spatially-
confined phonon properties in semiconductor nanostructure
such as the phonon dispersion relation, phonon group veloc-
ity and the phonon density of state, as well as the relation-
ship between the phonon thermal conductivity and the phonon
properties.[1,13–16] For example, Majumda[17] proposed that
the heat transfer induced by lattice vibration or phonon trans-
port in a dielectric film can be treated as a radiation heat trans-
fer on a microscopic scale, and the phonon thermal transfer in

the nanofilm satisfies the blackbody radiation law. Balandin
et al.[1,13] proposed the phonon engineering and used the elas-
tic model to characterize the phonon properties in semicon-
ductor nanostructures for controlling the thermal and electric
properties in these nanostructures. Besides the elastic continu-
ous model and Boltzmann transport approach,[5,16,18–21] first-
principles and molecular dynamics simulations have also been
used to analyze the lattice thermal conductivity of semicon-
ductor nanostructures.[22–26]

The surface/interface effects can also play a signifi-
cant role in investigating the phonon and thermal prop-
erties of semiconductor nanostructures, such as the sur-
face/interface phonon scattering effects and surface/interface
stress effects.[18,19,21,27–29] For example, Chen[18] used the
Boltzmann transport equation to establish the phonon trans-
port model for the superlattice films by considering different
phonon interface scattering modes, and the thermal conductiv-
ity of the superlattice films was obtained by numerical calcula-
tion. Zhu et al.[19,21,28,29] used the elastic model and the Boltz-
mann transport approach to explore the influences of surface
stress and surface phonon scattering on the phonon properties
and phonon thermal conductivity in GaN nanofilms.

The nanostructured components of semiconductor have
been widely used in nanoelectronic devices.[3,4,30–33] Most
of these nanodevices work in the environment of an elec-
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tric field,[7,34–38] resulting in the fact that the free charges
can appear on the surface of nanostructure. These residual
charges can change the surface stress due to the Hellman–
Feynman force generated by surface charges, and such an
additional surface stress is linearly related to surface charge
density.[39–41] The charge-induced surface stress can modify
the surface energy, leading to the change of elastic modulus
of nanostructures,[42–46] which is related to the phonon prop-
erties in semiconductor nanostructure. In this work, we study
the influences of surface charges on the phonon properties and
thermal properties of GaN nanofilms.

The rest of this paper is organized as follows. In Sub-
section 2.1, the elastic modulus of nanofilm with surface
charges are expressed, and the elastic model is presented to
describe the phonon properties of surface charged-nanofilms.
The theoretical expression of the phonon thermal conductiv-
ity of nanofilm is given in Subsection 2.2. In Subsection 3.1
quantitatively analyzed is the effect of surface charge density
on phonon properties of GaN nanofilms, such as phonon dis-
persion relation, phonon group velocity and phonon density
of states. The contribution of surface charges to the phonon
thermal conductivity of GaN nanofilm is further discussed in
Subsection 3.2. Finally, some conclusions are drawn from the
present study in Section 4.

2. Theoretical description
2.1. Elastic model for confined phonons of surface charged

nanofilm

When a nanostructure device actually works in an electric
field, it is easy to generate surface charges for the nanostruc-
tures. The surface charge density will directly affect the equiv-
alent elastic modulus of the nanostructure. This is because the
surface stress varies with the change of the surface charge den-
sity, and the elastic properties of the nanostructure are sensitive
to the surface stress or surface energy.[47] From the theoretical
description of confined phonons by continuous elastic model,
the change of elastic modulus will affect the phonon proper-
ties. Based on the continuum mechanics, the effective elastic
modulus tensor of the surface charged-nanostructure can be
expressed as[47]

C̄i jkl =Ci jkl +
1

D0
(Qi jkl +Ci jklmnMmnpqTi j). (1)

Here, Ci jkl and Ci jklmn represent the second-order and third-
order elastic constants of the material, respectively, D0 is the
thickness of the nanofilm as shown in Fig. 1, Ti j and Qi jkl rep-
resent the surface elastic tensors associated with the surface
elastic properties, and Mi jkl refers to the flexibility matrix. For
the surface charged-nanofilm, the equivalent elastic constants
can be expressed as follows:

C̄11 = C̄22 =C11 +
2

D0

{
(KS +µ

S)

+T11η

(
2C112

C11
− C111 +C112

C12

)}
,

C̄33 = C11 +
4

D0
T11η

(
C111

C11
− C112

C12

)
,

C̄13 = C̄23 =C12 +
2

D0
T11η

(
2C112

C11
− C123 +C112

C12

)
,

C̄12 = C12 +
2

D0

{
(KS −µ

S)+2T11η

(
C123

C11
− C112

C12

)}
,

C̄44 = C̄55 =C44 +
2

D0
T11η

(
2C155

C11
− C144 +C155

C12

)
,

C̄66 = C44 +
2

D0

{
µ

S +2T11η

(
C144

C11
− C155

C12

)}
. (2)

Here, the material parameters and the second-order natural
elastic modulus constants of GaN are shown in Table 1, where
KS and µS represent the surface elastic parameters associated
with the non-zero term of the second-order elastic modulus
of the surface, respectively. The parameter T11 is related to
the surface stress. When surface charges exist on the surface
of nanostructures, surface stress changes with surface charge
density linearly,[39–41] namely T11 = ζ q. Here, ζ is the charge-
surface stress coefficient which is generally on the order of 1 V,
and q is the surface charge density.

D0x1

x2

x3

Fig. 1. Schematic drawing of GaN nanofilm with surface charges.

Table 1. Elastic parameters of GaN used in calculations.

Parameter Value/GPa Parameter Value/GPa Parameter Value

C11 252 C112 –867 C456/GPa –49
C13 129 C123 –253 ρ/(kg/m3) 6100
C55 148 C144 –46 Ks/(J/m2) –7.24
C111 –1213 C155 –606 µs/(J/m2) –3.4

Since the phonons are related to the vibration of atoms,
the elastic model for vibration can be utilized to describe
the spatially confined phonons approximately in semicon-
ductor nanostructures.[48–52] Quantization of phonon energy
in nanostructures can be achieved based on the elastic
model. It has been proved that the elastic model can suc-
cessfully describe the confined phonons in semiconductor
nanostructures.[13,20,53–55] The vibration equation in the elastic
model of nanofilm can be expressed as

ρ
∂ 2ui

∂ t2 =
∂

∂x j

(
C̄i jkl

∂uk

∂xl

)
. (3)

The boundary conditions are

x1 =±H
2
, σ13 = σ23 = σ33 = 0. (4)
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The displacement solution u of Eq. (3) can be given as

u = ū(x3)exp[i(ωt −q0 · x1)], (5)

where ω is the phonon frequency, q0 is the wave vector, and
ū is the amplitude of the displacement vector. Substituting

Eq. (5) into Eq. (3), one can obtain

𝐷ū(x3) =−ρω
2ū(x3) , (6)

where

𝐷 =



C̄44
d2

dx2
3
−C11q2

0 +
dC̄44

dx3

d
dx3

0 −iq0(C̄13 +C̄44)
d

dx3
− iq0

dC̄44

dx3

0 C̄44
∂ 2

∂x2
3
−C̄66q2

0 +
dC̄44

dx3

d
dx3

0

−iq0(C̄13 +C̄44)
d

dx3
− iq0

dC̄13

dx3
0 C̄33

d2

dx2
3
−C̄44q2

0 +
dC̄33

dx3

d
dx3


. (7)

Then, three modes for the phonons in surface charged-
nanofilms can be obtained. For the shear (SH) mode, the
eigenequation of vibration and the corresponding boundary
conditions are

C̄44
d2û2

dx2
3
+
[
ρω2 −C̄66q2

0
]

û2 = 0,

σ23 =
∂u2

∂x3
= 0.

(8)

For the dilatational (SA) mode and flexural (AS) mode, the
eigen equations of vibration and the corresponding boundary
conditions are

C̄44
d2û1

dx2
3
− iq0(C̄13 +C̄44)

dû3

dx3
+
[
ρω2 −C̄11)q2

0
]

û1 = 0,

C̄33
d2û3

dx2
3
− iq0(C̄13 +C̄44)

dû1

dx3
+
[
ρω2 −C̄44q2

0
]

û3 = 0,

σ13 =
∂u1

∂x3
− iq0u3 = 0, σ33 = C̄33

∂u3

∂x3
− iq0C̄13u1 = 0.

(9)

2.2. Phonon thermal conductivity of surface charged-
nanofilm

After deriving the phonon dispersion relations of sur-
face charged nanofilm in the different modes, the phonon fre-
quency can be numerically calculated by using the finite ele-
ment method with phonon wave vector q0. Then, the phonon
group velocity with a given phonon mode number n can also
be achieved numerically

vn (q0) =
dωn(q0)

dq0
, (10)

where, ωn and q0 respectively represent the phonon frequency
and phonon wave vector for a given phonon mode number
n. From the Callway model of a single average-polarized
phonon, the average phonon group velocity V̄ associated with
the phonon frequency can be derived and given as

V̄ =

{
1

m(ω)

M(ω)

∑
N=1

[
vSA,AS,SH

n (ω)
]−1
}−1

. (11)

Here, the superscript indicates the corresponding phonon
mode type, the subscript n represents a given phonon mode
number, and m represents the total phonon branch number.
The quasi-two-dimensional phonon density of states for a
given phonon mode number can be calculated from the phonon
dispersion relation and phonon group velocity existing in the
nanofilm, and given as follows:

f SA,AS,SH
n (ω) =

1
H

[
1

2π
qSA,AS,SH

0n (ω)
1

vSA,AS,SH
n (ω)

]
. (12)

Here, H is the thickness of the nanofilm. The total phonon
density can be obtained by the superposition of three modes of
phonons

FSA,AS,SH (ω) = ∑ f SA,AS,SH
n (ω). (13)

Based on these expressions for phonon dispersion relationship,
the phonon average group velocity and the phonon density of
state, the phonon thermal conductivity of the surface charged-
nanofilm can be expressed as[27,55]

κ1 =
1
3

(
kB

h

)
kBT

∫ xmax

xmin

x2 ex

(ex −1)2 τ(x)V̄ 2(x)F(x)dx

= κ0G1. (14)

Here, h = h̄/2π , h̄ is the Planck constant, x = }ωn(𝑞0)/kBT .
τ is the total relaxation time, given as τ

−1
T = τ

−1
U + τ

−1
ph−e +

τ
−1
M , in which several scattering mechanisms are involved, in-

cluding Umklapp scattering rate τU, point-defect scattering
rate τM, and acoustic phonon–electron scattering rate.[16,20,29]

Since the main objective of this work is to study the influences
of surface charges on the phonon and thermal properties in
spatially confined nanofilm, it is assumed that the surface of
nanofilm is smooth enough to ignore the boundary scattering
mechanism in the phonon scattering process. In Eq. (14), κ0

is the phonon thermal conductivity of bulk material, and G1

is the proportional coefficient with respect to the bulk thermal
conductivity of the material κ0.
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3. Simulation results and discussion
3.1. Phonon properties of surface charged-GaN nanofilm

As mentioned above, we use the finite difference method
to calculate the phonon dispersion relationships of surface
charged-GaN nanofilm under different modes. Here, the sur-
face charge densities are taken as −10 C/m2, 0, and 10 C/m2.
The other parameters in scattering time are adopted from the
literature.[48–51] For simplicity, the SH mode is taken for ex-
ample to explore the influences of surface charges on the
phonon properties and thermal properties of GaN nanofilms.
Figure 2 shows the phonon dispersion relationship of nanofilm
under different surface charge densities for the SH mode. It
can be seen intuitively from the figure that when the phonon
energy is the cutoff energy (q0 = 0), the surface charges have
no contribution to the phonon energy. As the phonon wave
vector increases, the influence of surface charge becomes more
and more significant. It can also be found from Fig. 2 that
the negative surface charge causes the slope of each curve to
increase, while the positive surface charge makes the slope
decrease. In other words, negative surface charges increase
the phonon energy, while positive surface charges reduce the
phonon energy.
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Fig. 2. Variations of phonon energy with surface charge density for SH
mode in GaN nanofilms with different surface charge densities.

After the phonon dispersion relationship is determined,
the phonon average group velocity can be calculated based on
Eqs. (10) and (11). Figure 3 shows the phonon average group
velocity of GaN nanofilm for SH mode as a function of phonon
energy at different surface charge densities. When the phonon
energy is small, the phonon average group velocity is roughly
equivalent to the phonon group velocity. As the phonon energy
increases, the phonon group velocity begins to oscillate con-
tinuously. Interestingly, the oscillation behavior of the phonon
average group velocity has no change in the presence of sur-
face charges. However, the surface charge has a significant
effect on the phonon average group velocity of phonons. That
is, the negative surface charges increase the velocity and the
positive surface charges reduce the velocity.
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Fig. 3. Plots of phonon average group velocity versus phonon energy
for SH mode in GaN nanofilms with different surface charge densities.

Figure 4 displays the phonon density of states for SH
mode varying with phonon energy for three different surface
charge densities. It can be found that as the phonon energy in-
creases, the phonon density of states also increases stepwise,
and then begins to fall after reaching the peak value. In addi-
tion, it can also be found that the surface charge density can
significantly change the phonon density of states. That is, the
positive surface charges increase the density of states and the
negative surface charges reduce the phonon density of state.
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Fig. 4. Variations of phonon density of states with phonon energy for
SH mode in GaN nanofilms with different surface charge densities.

3.2. Phonon thermal conductivity of surface charged
nanofilm

When the phonon dispersion relations and phonon group
velocities are achieved, one can calculate the various scat-
tering rates under different surface/interface stresses, includ-
ing Umklapp scattering rate, point-defect scattering rate, and
phonon–electron scattering rate, which are shown in Fig. 5.
Obviously, the Umklaap scattering rate is dominant for the low
phonon, which is significantly higher than the other two scat-
tering rates. The point-defect scattering becomes dominant
with the increase of frequency. One can also find that the sur-
face charges can change the point-defect scattering rate and
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phonon–electron scattering rate, but the Umklaap scattering
rate is almost independent of the surface charges.
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Fig. 5. Variations of scattering ratewith phonon frequency in GaN
nanofilms with different surface charge densities.

According to the expression of phonon thermal conduc-
tivity in Eq. (14), the effect of surface charges on the phonon
thermal conductivity of GaN nanofilm can be investigated
quantitatively through combing the phonon average group ve-
locity, phonon density of state, and scattering rates obtained
above. Firstly, the variations of phonon thermal conductivity
of GaN nanofilm with temperature for three different surface
charge densities are plotted in Fig. 6. It can be seen from the
figure that for each surface charge density, as temperature in-
creases the phonon thermal conductivity is first enhanced and
then reaches the maximum value. With further increasing the
temperature, the thermal conductivity decreases. One can also
find that the negative surface charges enhance the temperature
dependence of phonon thermal conductivity while the posi-
tive surface charges weaken the sensitivity of temperature to
the thermal conductivity. In addition, the influence of surface
charges on the phonon thermal conductivity of GaN nanofilm
turns weaker for the higher temperature.
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Fig. 6. Plots of phonon thermal conductivity versus temperature for SH
mode in GaN naonfilms with different surface charge densities.

Figure 7 shows the variations of phonon thermal con-
ductivity with the thickness of GaN nanofilm for three differ-

ent surface charge densities. As can be seen from the figure,
the negative charges increase the phonon thermal conductivity
and the positive charges reduce the phonon thermal conduc-
tivity. It is interesting to notice that when the surface of the
nanofilm presents negative charges with a density of 10 C/m2,
the phonon thermal conductivity is first enhanced with increas-
ing the thickness of nanofilm, and then begins to decrease
slightly and eventually tends to be flat. It is because the surface
charge-related elastic modulus of nanofilm is size-dependent,
and the negative charges also weaken the size effect on elas-
tic modulus.[43,44] For the smaller thickness of nanofilm, the
surface charges weaken the size dependence of elastic modu-
lus more significantly than that of thermal conductivity. In the
case of positive surface charges, the phonon thermal conduc-
tivity of GaN nanofilm is improved gradually with increasing
the thickness of nanofilm and then the curve tends to be flat.
Such a size effect of phonon thermal conductivity of nanofilm
comes from the quantum confinement effect of phonons in
nanofilm. One can also note that the positive surface charges
make the size effect of thermal conductivity more significant,
while the negative surface charges weaken the size effect of
conductivity.
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Fig. 7. Plots of phonon thermal conductivity versus thickness for SH
mode in GaN nanofilms with different surface charge densities.

Figure 8 shows the variations of phonon thermal conduc-
tivity with surface charge density for three different thickness
values. It can be noted that when the surface charge density
changes from a positive value to a negative value, the phonon
thermal conductivity increases monotonically for each thick-
ness value. It can be clearly found that the positive surface
charges reduce the phonon thermal conductivity and the nega-
tive surface charges increase the phonon thermal conductivity.
Meanwhile, when the surface of the nanofilm presents the neg-
ative charges with the density greater than 3 C/m2, the phonon
thermal conductivity decreases slightly as the thickness of the
nanofilm increases. When the surface charge density is greater
than −3 C/m2, the phonon thermal conductivity increases with
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the increase of the thickness of the nano-film, which is consis-
tent with the results obtained in Fig. 6. It can be seen that the
negative surface charges make much less contribution to the
thermal conductivity than the positive surface charges.
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Fig. 8. Variations of phonon thermal conductivity with surface charge
density for SH mode in GaN nanofilms with different thickness values.

4. Conclusions
In this work, the effects of surface charges on the phonon

and thermal properties have been investigated theoretically.
The surface charges modify the elastic constants in nanostruc-
tures, leading to the change of phonon properties of semicon-
ductor nanofilms. The elastic model is used to describe the
phonon properties of surface charged-GaN nanofilms. Then,
the phonon dispersion relation, the phonon average group ve-
locity, and the phonon density of states for the surface charged-
GaN nanofilms are simulated. Finally, the effects of surface
charges on the phonon thermal conductivity of GaN nanofilms
with different temperatures and film thickness values are an-
alyzed. The numerical results demonstrate that when the
surface charges can significantly modify the phonon proper-
ties and phonon thermal conductivity, these surface charges
can also change the temperature and size dependence of the
phonon thermal conductivity. This work will be helpful in
adjusting and controlling the phonon properties and thermal
conductivity in nanostructured components and nanodevices
by changing the surface charges.
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