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Abstract. In this article we have investigated theoretically the effect of built-in-polarization ﬁeld on various phonon
scattering mechanisms in Alx Ga1−x N alloy. The built-in-polarization ﬁeld of Alx Ga1−x N modiﬁes the elastic constant, group velocity of phonons and Debye temperature. As a result, various phonon scattering mechanisms are
changed. Important phonon scattering mechanisms such as normal scattering, Umklapp scattering, point defect
scattering, dislocation scattering and phonon–electron scattering processes have been considered in the computation. The combined relaxation time due to above-mentioned scattering mechanisms has also been computed as a
function of phonon frequency for various Al compositions at room temperature. It is found that combined relaxation
time is enhanced due to built-in-polarization effect and makes phonon mean free path longer, which is required for
higher optical, electrical and thermal transport processes. The result can be used to determine the effect of built-inpolarization ﬁeld on optical and thermal properties of Alx Ga1−x N and will be useful, particularly, for improvement
of thermoelectric performance of Alx Ga1−x N alloy through polarization engineering.
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Introduction

Wide-band-gap nitride semiconductors like Alx Ga1−x N
are very promising materials for high-power and hightemperature applications in microwave communications,
power electronics and optoelectronics [1]. By adjusting
the Al composition, one can tune selected material properties such as band gap, lattice constant and polarization
to the desired optimal value [2]. Recently, Alx Ga1−x N
alloys, particularly Al-rich Alx Ga1−x N alloy, have attracted
much interest due to their applications in solid-state UV
light sources for bio-agent detection as well as for general
lighting. The AlGaN/GaN high-electron-mobility transistors
(HEMTs) have emerged as attractive candidates for highvoltage and high-power operation at microwave frequencies
[3]. The material has a large peak electron velocity, large
saturation velocity, high breakdown voltage and thermal stability, making this material very suitable for use as a channel material in microwave power devices [3,4]. Alx Ga1−x N
is often used as a barrier layer, cladding layer or distributed
Bragg reﬂector (DBR) in semiconductor lasers having quantum wells and taken as an active layer in short-wavelength
(ultraviolet) light-emitting diodes (LEDs) and semiconductor lasers [5]. The performance of wurtzite nitride devices
is reliable but affected by self-heating. The cause of selfheating is poor heat removal at the active region of the
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device. The heat removal from active region directly depends
on thermal transport property of the material like thermal
conductivity. Thus, properties of material that can enhance
thermal transport should be explored so that high thermal
conductivity as desired can be achieved. The high thermal conductivity can minimize the self-heating effect and
can improve the performance of the nitride-based devices.
Thermal management issues for miniaturised devices and
their application for energy production through thermoelectric mechanisms require a thorough understanding of thermal parameters and processes governing thermal transport
property of Alx Ga1−x N alloy [6–8].
The phonon scattering mechanism plays an important role
in optical, electronic and thermal properties of the semiconductors and controls the design and efﬁciency of the optoelectronics devices [9,10]. To predict accurately the thermal,
optical and electronic properties of Alx Ga1−x N, one has to
study in detail the phonon scattering processes in the material. On the other hand, the built-in-polarization effect, which
is a unique and important phenomenon of Alx Ga1−x N alloy,
is already known to inﬂuence the design and efﬁciency of the
device [11–17]. These two internal fundamental phenomena
independently or jointly inﬂuence the various properties of
the Alx Ga1−x N, whose net effect is observed at the device
performance level. Recently, phonon–electron and phonon–
phonon interactions have attracted interest in graphene and
other technological important semiconductors [9,18–21].
Interestingly, these interactions are proposed and studied to
explain some observations of fundamental phenomena. Some
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problems like intrinsic resistance, room temperature mobility
and optical conductivity anomaly are thought to be resolved
by examining the above-mentioned interactions. In case of
Alx Ga1−x N light-emitting diodes and laser diodes, the selfheating and efﬁciency drop mechanism can be addressed by
studying in detail the phonon scattering mechanism from various sources. The sources like impurities, defects and dislocations are inherent to the material; hence phonon scattering
study from these sources may reveal the fundamental causes
of loss mechanisms in light-emitting and laser diodes [22].
Liu and Balandin [23] have studied thermoelectric properties of Alx Ga1−x N and proposed that through phonon engineering the properties could be improved. Recently, Sztein
et al [6–8] have theoretically calculated the thermoelectric
properties. They have reported a method of improving thermoelectric performance through polarization engineering.
Thermoelectric performance depends on electrical conductivity, thermal conductivity and Seeback coefﬁcient. In
their report, they have studied the built-in-polarization ﬁeld
effect on mobility and scattering mechanism of electrons and
computed electrical conductivity and Seeback coefﬁcient.
However, to the best of author’s knowledge, built-in-polarization
field effect on phonon transport, phonon scattering mechanisms
and on thermal transport has not been addressed [8].
In this work, we have examined the inﬂuence of built-inpolarization effect on various phonon scattering mechanisms
and on their relaxation times in Alx Ga1−x N alloy. Various
phonon scattering mechanisms like the Umklapp process,
point defect scattering, dislocation scattering and phonon–
electron scattering have been considered in the study. The
interaction between the phonons and the built-in-polarization
ﬁeld and its effect on phonon relaxation time are fundamental in predicting the role of polarization mechanism in electronic, optical and thermal properties of Alx Ga1−x N for solar
cells, LEDs and laser applications, and will be helpful for
improvement of thermoelectric performance of Alx Ga1−x N
alloy through polarization engineering.

2.

The model

Alx Ga1−x N/GaN heterostructures are of outstanding current
interest for a wide range of device applications. In this
structure, Alx Ga1−x N is the active material and the device
performance is solely controlled by its properties. Typically Alx Ga1−x N/GaN heterostructures are grown on a thick
GaN template layer deposited on a sapphire substrate. Such
heteroepitaxial growth typically gives rise to high strain
inside the layers due to lattice mismatch. In the heterointerface, polarization charges are produced. This is due to
difference in spontaneous polarization (sp) between GaN
sp
sp
and Alx Ga1−x N (PAlGaN − PGaN ), and induced piezoelectric
polarization (P pz ) at the interface. In Alx Ga1−x N and GaN,
spontaneous polarization P sp originates due to non-centrosymmetric nature of their unit cell. Piezoelectric polarization (P pz ) charges arise due to strain produced by lattice
mismatch between Alx Ga1−x N and GaN. The polarization

charge density σp (polarization charge per unit area) at the
heterojunction interface is given by [11]
 


C13
aGaN −aAlN
sp
sp
x+PGaN −PAlGaN,
σp = −2 e31 − e33
C33
aAlN
where e31 , e33 , C13 and C33 are the relevant piezoelectric (pz)
and elastic constants for Alx Ga1−x N, aGaN and aAlN are the
GaN
lattice constants of GaN and AlN, respectively, and PSP
AlGaN
and PSP
are the sp of GaN and Alx Ga1−x N. These two
polarizations form two-dimensional electron gas (2DEG) at
the heterostructure interface. It has been shown from studies of Alx Ga1−x N/GaN HFETs that polarization charges are
a dominant factor in the formation of a 2DEG at the heterojunction interface. The expected 2DEG density ns at the
Alx Ga1−x N/GaN heterojunction interface is given by [13]
ns =

σp
ε
− 2 (e φs + EF − Ec ) + 0.5 Nd d,
e
de

where ε is the dielectric constant of Alx Ga1−x N, φs is the
Schottky height of barrier (work function), EF and Ec are
Fermi energy and conduction band offset, respectively, at
the heterostructure interface, and d and Nd are the thickness (m) and donor concentration (m−3 ), respectively, in the
Alx Ga1−x N layer. The values of parameters of Alx Ga1−x N
are ε = xεAlN + (1 − x)εGaN , φb − Ec = 1.0 eV,
EF = 0.1 eV, Nd = 1 × 1018 cm−3 and d = 30 nm. The
approximate value of this 2DEG is about 1013 C cm−2 . The
value of ns has been obtained from Hall measurement [14].
This 2DEG forms an electric ﬁeld F named as the built-inpolarization ﬁeld present in the strained Alx Ga1−x N barrier
layer, which approximately can be represented by E(x) =
(−9.5 x − 2.1 x 2 ) MV cm−1 . The strength of this electrostatic ﬁeld depends on the Alx Ga1−x N alloy composition,
strain, layer thickness, surface quality and the growth process. The intensity of this built-in-polarization ﬁeld can reach
several MV cm−1 . This ﬁeld exists not only at the interfaces
but also within the material ﬁlm itself. These ﬁelds are a common feature of nitride heterostructures and have profound
impact on nitride’s optical, thermal and electrical properties.
The direction of F depends on the polarity of the growth.
Theoretical calculation indicates that the sp ﬁeld is in the
[0001̄] direction. For Alx Ga1−x N grown on GaN the strain
is tensile, and results in a pz ﬁeld in the [0001̄] direction.
Thus, F is in the [0001̄] direction. This electric ﬁeld can be
determined by measuring potential drop across the AlGaN
ﬁlm. This ﬁeld signiﬁcantly inﬂuences the distribution and
mobility of carriers; hence it has profound impact on optical, thermal and electrical properties of the heterostructures
[3,8]. The role of built-in-polarization ﬁeld in III–V nitride
materials has been extensively studied for visible and ultraviolet light emitters, detectors, solar cells and high-power transistors. However, the role of this ﬁeld with respect to their
thermal transport properties has not been addressed. In this
work, the main objective is to investigate the effect of builtin-polarization ﬁeld on phonons and their scattering mechanisms, which are responsible for thermal transport properties
of Alx Ga1−x N/GaN heterostructures.
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Recent work has demonstrated that polarization effects
can exert a pronounced inﬂuence on heterostructure material properties and device physics, and furthermore that these
effects can be used to achieve substantial improvements in
various aspects of device performance [1]. The model is
based on the fact that due to built-in-polarization ﬁeld, the
coupling between the elastic strain and electric ﬁeld induces
additional electric polarization. This additional polarization
contributes to the elastic constant of the material [11]. If the
elastic constant of AlGaN without consideration of polarization mechanism is C44 , then considering the polarization mechanism at the interface the elastic constant with
2
2
+ e31
+
polarization is [24,25] C44, p = C44 + [ ( e15
2
2
e33 + Psp )/ε0 ε]. This in turn modiﬁes physical parameters
such as phonon velocity, Debye temperature and Debye frequency of the material. Thermal conductivity is given by
k = 1/3 C v l, where C is speciﬁc heat, v is phonon velocity and l the phonon mean free path. Phonon mean free path
is computed from phonon scattering mechanisms, which are
functions of phonon velocity and Debye frequency. The computation of thermal conductivity requires a study of polarization effect on above-mentioned parameters. In this work
we have studied the polarization effect on phonon scattering
mechanisms.
In semiconductors, thermal energy is mostly carried by
acoustic phonons. These phonons suffer scatterings from
other phonons, electrons, impurities and defects due to
which thermal energy is lost and hence thermal conductivity decreases. The scattering processes are split into normal
scattering (τN ) and resistive scattering (τR ). The normal scattering process describes phonon–phonon scattering events
where momentum is conserved and is given by [6]
kβ γ 2 V0 2 3
1
=
ω T ,
τN
M 2 v 5

(1)

where
γ (=0.60) is the Gruneisen parameter, V0 =
√
( 3/8)a 2 c is the volume per atom, M is the molecular mass
of AlGaN, v the velocity of phonons, T the temperature and
ω the phonon frequency. Since phonon momentum is conserved in normal scattering, it does not directly limit thermal conductivity, but it does affect the phonon distribution in
momentum and energy space. This modiﬁcation of phonon
distribution has an indirect impact on thermal conductivity and must be included. The resistive processes do not
conserve phonon momentum and thus contribute directly to
thermal conductivity. The resistive processes considered in
this work are three-phonon Umklapp scattering (τu−1 ), massdifference scattering (τm−1 ), dislocation scattering (τd−1 ) and
−1
). The Umklapp scattering
phonon–electron scattering (τp−e
describes phonon–phonon scattering events where momentum is not conserved. The scattering rate for Umklapp
processes at T = 300 K and above is computed by the
relation [26]
kb T ω 2
1
= 2γ 2
,
τu
μV0 ωD

(2)

where μ = vT2 ρ is the shear modulus and ωD the Debye
frequency. The phonon scattering due to difference of masses
of atoms is [26]
1
V0 ω4
=
,
(3)
τm
4π v 3

2
where
=
i fi [1 − (Mi /M̄)] is the measure of the
strength of the mass-difference scattering, fi is the fractional
concentration of the impurityatoms, Mi is the mass of the
i th impurity atoms and M̄ = i fi Mi is the average atomic
mass. The phonon scattering rate at the core of the dislocation is proportional to the cube of the phonon frequency and
is given by [27]
4/3

V
1
= η ND 0 2 ω3 ,
τd
v

(4)

where ND is the density of the dislocation lines of all types
and η = 0.55 is the weight factor to account for the
mutual orientation of the direction of the temperature gradient and the dislocation line. At low doping levels, the acoustic phonons scattered by electrons can be expressed as [26]

1
τph−e

ne ε12 ω
=
ρv 2 kβ T



π m∗ v 2
exp
2kβ T




m∗ v 2
−
,
2kβ T

(5)

where ne is the concentration of conduction electrons, ε1 is
the deformation potential, ρ is the mass density and m∗ is
the electron effective mass. The resistive scattering rate can
be written as a sum of Umklapp, mass difference, dislocation
and phonon–electron scattering rates:
1
1
1
1
1
=
+
+
+
.
τR
τu
τm
τd
τph−e

(6)

According to the formulation of Klemen [28], the combined
scattering rate can be written as a sum of the normal and
resistive scattering rates:
1
1
1
=
+
.
τc
τN
τR

(7)

The combined phonon relaxation time can be obtained by
the summation of the inverse relaxation times of abovementioned scattering processes and is given by [29]
−1
.
τc−1 = τN−1 + τu−1 + τm−1 + τd−1 + τph−e

(8)

The above-mentioned scattering model is applicable for
room temperature and for low, medium and high doping level
[3,4]. For validity of the scattering model a doping density
of 1018 cm−3 has been considered. This is the normal doping
level in nitrides. In this work it has been assumed that even
for low doping levels these formulas are valid. The doping
level plays a signiﬁcant role in phonon–electron scattering
only and not in other scatterings. Hence change of doping
level will modify only the phonon–electron scattering. The
magnitude of other phonon scatterings will remain the same.
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In this work the doping level of 1018 cm−3 has been kept
ﬁxed for calculation of scattering mechanisms. The scattering mechanisms are computed at room temperature (300 K)
as all devices operate at room temperature.
3.

Result and discussion

First, material parameters of AlGaN alloy are computed.
Generally, material parameters of an alloy are computed by
Vegard’s law [14]: PAlGaN (x) = xPAlN + (1–x)PGaN , where
P stands for a physical parameter. The law is based on linear interpolation of binary values. It states that parameters
depend linearly on composition. However, when composition varies, the impurities and alloys generate disorder in
the material. These disorders introduce non-linearity (bowing) in the parameters. Hence, modiﬁed Vegard’s law [11,14]
PAlGaN (x) = xPAlN + (1–x)PGaN + bx(1–x), where b is the
bowing constant and needs to be employed for computation of material parameters of Alx Ga1−x N alloy. The bowing
constant b expresses the degree of non-linearity. For lattice
constants, band gap energy and elastic constants, the bowing constant b is known from ﬁrst-principle calculations and
experiments. However, bowing constant b is still unknown
for a number of parameters. Investigation reveals that sp
and pz polarizations of AlGaN alloy depend non-linearly on
Al composition, i.e., they show a ﬁnite degree of bowing
[11,14]. Thus, sp and pz polarizations strictly follow the
modiﬁed Vegard’s law. A number of experiments have validated this prediction [1]. The elastic constants are also
composition-dependent parameters of the nitride alloys. This
prediction has been validated by measuring surface acoustic
wave velocity in Inx Ga1−x N alloy by means of highresolution Brillouin spectroscopy [1]. As polarization mechanisms contribute to elastic constants, the elastic constants
would show more non-linear nature in the presence of polarization ﬁeld than in its absence. For accurate prediction
of optical and thermal properties of Alx Ga1−x N/GaN heterostructure, bowing constant of elastic constant, phonon
velocity and Debye temperature with and without polarization mechanism are required. In our earlier work we have
computed these bowing constants by the method of best ﬁt
for elastic constant, phonon velocity and Debye frequency.
The result is published elsewhere [25]. We directly use the
result here.
The combined phonon relaxation time as a function of
phonon frequency at room temperature has been calculated
using equation (8) for different Al compositions. The phonon
relaxation times, which are functions of phonon velocity
and phonon frequency, are computed from phonon scatterings rates. These parameters in turn depend on Al compositions. Phonon velocity is computed from elastic constant of
AlGaN by the relation v = (C44 /ρ)1/2 . The elastic constant
of AlGaN without and with polarization is given by [25]
AlGaN
AlN
GaN
= x C44
+ (1 − x)C44
− 0.25 x(1 − x) GPa,
C44
(9)

AlGaN
AlN
GaN
= x C44,p
+ (1 − x)C44,p
− 19.25x(1 − x) GPa.
C44,p

(10)
It can be seen that bowing constant is higher in
equation (10), which shows that polarization mechanism
enhances the non-linearity property of the material parameter
of Alx Ga1−x N. The phonon velocity in Alx Ga1−x N as a function of Al composition without and with built-in-polarization
mechanism can be written as [25]
v AlGaN = x v AlN +(1−x) v GaN − 1004.95 x(1−x) m s−1 ,
(11)
vpAlGaN = x vpAlN +(1−x) vpGaN −1496.60 x(1−x) m s−1 .
(12)
These expressions have taken bowing into account. Bowing arises due to built-in-polarization ﬁeld in Alx Ga1−x N
[16]. Debye frequency in Alx Ga1−x N is estimated as a
function of Al composition with and without built-inpolarization. The Debye frequency without and with polarization can be expressed as [25]
ωDAlGaN = x ωDAlN + (1 − x) ωDGaN − 1.89559
× 1013 x(1 − x) rad s−1 .

(13)

AlGaN
AlN
GaN
ωD,p
= x ωD,p
+ (1 − x) ωD,p
− 2.81796

×1013 x(1 − x) rad s−1 .

(14)

The role of Al composition on various phonon scattering
processes can be determined using these phonon velocity and
Debye frequency expressions. This can give us idea of dependence of different properties of Alx Ga1−x N on Al composition. The normal scattering process has been calculated using
equation (1). The Gruneisen parameter γ is choosen as 0.60
[7]. The volume per atom, V0 (in unit cell of Alx Ga1−x N), has
been calculated using lattice constants of Alx Ga1−x N [14].
The molecular mass M of Alx Ga1−x N has been computed
using Vegard’s law [15]: MAlGaN = xMAlN + (1 − x)MGaN .
The temperature T is taken as room temperature (300 K)
and ω is the phonon frequency. The scattering rate from
Umklapp process has been computed using equation (2). It
depends on Debye frequency, shear modulus and volume
of unit cell. Debye frequency with and without built-inpolarization has been calculated using equations (13 and 14).
The shear modulus has been computed using the relation
μ = v 2 ρ, which is equal to the elastic constant of AlGaN.
The phonon scattering rate due to the mass difference is
calculated using equation (3). This scattering rate depends
on volume of unit cell, the measure of the strength of the
mass-difference scattering , phonon frequency and phonon
velocity. The strength of the mass-difference scattering
for Alx Ga1−x N is obtained from those of binary nitrides by
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the built-in-polarization phenomenon. However, as phonon
frequency increases, this enhancement in relaxation time
gradually decreases; hence the two curves come closer.
Finally the two curves (with and without polarization) start
overlapping, indicating that the combined relaxation time
of high-frequency phonons is least inﬂuenced by built-inpolarization of the material [30]. Similar conclusions can be
drawn for x = 0.2.
Figure 2 shows relaxation time of phonons in Alx Ga1−x N
for higher Al concentrations. In ﬁgure 2, empty and ﬁlled
stars correspond to combined relaxation time, respectively,
without and with built-in-polarization for Al concentration
x = 0.4. The empty and ﬁlled rhombus correspond to the
combined relaxation time, respectively, without and with
polarization for Al concentration x = 0.6. Finally the empty
and ﬁlled triangles correspond to the combined relaxation
time, respectively, without and with built-in-polarization
ﬁeld for Al concentration x = 1. Both ﬁgures 1 and 2 reveal
that as the aluminum concentration increases the phonon
relaxation time increases for both with and without builtin-polarization. However, it can be observed that the rate of
increase is signiﬁcantly higher in case of relaxation time with
built-in-polarization ﬁeld than relaxation time without builtin-polarization ﬁeld [31]. This is due to lower atomic mass
of Al than that of Ga atom and stronger built-in-polarization
ﬁeld in AlN in comparison with GaN. The former effect
lowers scattering rates [10] and the latter effect suppresses
phonon scattering rates [31]. The combined effect enhances
the relaxation time of phonons for higher aluminium concentration. This shows that phonons move with a higher velocity and higher frequency in a medium with polarization ﬁeld
(strained medium) than in a medium of same length with no
polarization ﬁeld (unstrained medium). Thus phonons suffer
less number of scatterings in a polarized medium. A noticeable change is expected in transport properties, particularly
in phonon thermal conductivity and mobility of electrons

−

−

Vegard’s rule [13]: AlGaN = x AlN + (1 − x) GaN .
The phonon scattering process due to dislocation is calculated using equation (4). This scattering process depends on
phonons group velocity, phonon frequency and dislocation
density ND . The dislocation density ND in AlGaN has been
obtained by Vegard’s rule [13]. The phonon–electron scattering process has been computed using equation (5). For
AlN, the material parameters are
= 3.2 × 10−4 , ND =
14
−2
15
−3
5.0 × 10 cm , ne = 5 × 10 cm , ε1 = 7.1 eV, m∗ =
0.14m0 and the material parameters for GaN are [10,29]
= 1.3 × 10−4 , ND = 5.0×1014 cm−2 , ne = 3.3×1015 cm−3 ,
ε1 = 10.1 eV and m∗ = 0.22m0 . The material parameters
such as carrier concentrations, dielectric constants and effective mass of Alx Ga1−x N have been obtained by Vegard’s rule
= x nAlN
+ (1 − x) nGaN
, ε1AlGaN = x ε1AlN +
[30]: nAlGaN
e
e
e
(1 − x) ε1GaN and m∗AlGaN = xm∗AlN + (1 − x) m∗GaN . The
combined phonon relaxation time in Alx Ga1−x N as a function of phonon frequency at room temperature is shown in
ﬁgure 1 for aluminum concentrations x = 0 and 0.2 with and
without built-in-polarization ﬁeld.
In ﬁgure 1, empty squares correspond to combined relaxation time without built-in-polarization ﬁeld whereas ﬁlled
squares represent relaxation time with built-in-polarization
for Al concentration x = 0. The empty circles correspond
to combined relaxation time without built-in-polarization
while ﬁlled circles represent relaxation time with built-inpolarization for Al concentration x = 0.2. It can be observed
from ﬁgure 1 that for x = 0, the combined relaxation time
with built-in-polarization ﬁeld is higher than that of the without polarization case at a given frequency. Thus phonon
scattering rate is suppressed by built-in-polarization mechanism. These two curves (x = 0) correspond to phonon
scattering with and without built-in-polarization ﬁeld in
GaN. The nature of the two curves (x = 0) is similar
with respect to phonon frequency. The combined relaxation
time of low-frequency phonons is signiﬁcantly enhanced by
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Figure 1. Combined relaxation times of phonons at room
temperature for Al composition x = 0 and 0.2.

Figure 2. Combined relaxation times of phonons at room
temperature for Al composition x = 0.4, 0.6 and 1.
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in Alx Ga1−x N, due to built-in-polarization property. Hence,
high aluminium content Alx Ga1−x N can be chosen for design
and fabrication of high-temperature and high-power HEMT
for superior thermal and electrical performance [32].
For study of transport properties of semiconductors,
phonon mean free path is very important. The phonon mean
free path depends on its relaxation time. Hence, increased
relaxation time will imply longer mean free path. This guarantees enhanced transport properties of the semiconductors.
Thus, modifying the phonon relaxation time and mean free
path of phonons in a controlled manner through polarization
engineering, high transport properties, which are required
for enhanced thermoelectric performance of Alx Ga1−x N for
electric energy generation from waste heat energy through
the Seebeck effect, can be achieved as required. It can resolve
a number of issues relating to Alx Ga1−x N optoelectronics
devices such as self-heating, switching action, etc. of HEMT.
This gives the idea that by electrical means the phonon scattering processes can be controlled as and where desired. It
can also increase the stability of devices at high temperature
and high power.
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