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Based on the dielectric continuum model and transfer-matrix method, the completing polar optical phonon
states in a wurtzite GaN-based superlattice (SLs) with arbitrary-layer complex bases are investigated. It is
proved that 2™ types of phonon modes probably exist in a wurtzite nitride SL with n-layer complex bases. The
analytical phonon states of these modes and their dispersive equations in the wurtzite GaN/Al,;Ga;_.N SL
structures are obtained. Numerical calculations on a three-layer GaN/Aly.15Gag.s5N/AIN complex bases SL
are performed. Results reveal that there are interface optical (I0) phonon modes of one type only and four
types of quasi-confined (QC) phonon modes in three-layer GaN/Aly.15Gag.s5N/AIN complex bases SLs. The
dispersive spectra of phonon modes in complex bases SLs extend to be a series of frequency bands. The
behaviors of QC modes reducing to 10 modes are observed. The present theoretical scheme and numerical
results are quite useful for analyzing the dispersive spectra of completing phonon modes and their polaronic
effect in wurtzite GaN-based SLs with complex bases.
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1. Introduction

Since the superlattices (SLs) notion was first brought forward nearly four decades ago |1, the
electronics and opto-electronics properties of semiconductor SLs have attracted considerable at-
tention due to their fancy miniband effect and a lot of excellent physical properties |1, 2]. Among
them, semiconductor SLs based on group-III nitride GaN, AIN, InN, and their ternary compounds
Al,Gai_,N, In,Ga;_,N have invoked special interest both in theoretical and experimental investi-
gations [3-7]. This is mainly ascribed to the following evident characteristics: the nitride materials
with widely and adjustable direct-band gap, strong atomic bonding and high carrier mobility make
them attractive materials as a basis for the creation of reliable high-temperature and high-frequency
electronic equipment and short-wavelength optoelectronics devices [5-7].

In order to further improve the performance of microelectronics devices based on SL structures,
people brought forward the complex-bases SL, i.e., n layers per period (n > 2) [8-10]. In contrast to
the binary (two-layer per period) SLs, the complex bases SLs provide more degrees of freedom for
the adjustable structural parameters, the miniband and minigap widths due to the introduction of
additional layers in each SL period. This is very important for several important applications, such
as infrared photodetectors, effective-mass filtering, and tuning of the tunneling current [11-13]. The
previous research on the complex bases SL is mainly focused on the electronic structures and sur-
face polariton properties in GaAs-based semiconductors |[14-19]. But there are few investigations
of the other physical properties, such as the crystal-lattice dynamical feature and optoelectronic
characteristics in GaN-based SL with complex bases |20]. Indeed, crystal-lattice vibrations (phonon
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modes) have great effect on the electronic and impurity states, the excitonic recombination and car-
rier transport, especially in low-dimensional quantum systems of polar semiconductors |21, 22]. At
room and higher temperatures, the electron-phonon interactions and scattering by optical phonons
play a dominant role effecting various properties of polar semiconductor quantum heterostructures,
including hot-electron relaxation rates, interband transition rates, room-temperature exciton life-
times, and many other optical and transport properties |23, 124]. Moreover, since nitride material
usually crystallizes in the anisotropic hexagonal wurtzite structure, the crystal dynamical prop-
erties of nitride SLs are more complex due to anisotropy of the crystal structure in contrast to
those of cubic crystals [25-32]. Hence, it is necessary and important to investigate the polar optical
phonon modes in wurtzite GaN-based SL with complex bases.

On the basis of the dielectric continuum approximation and Loudon’s uniaxial crystal model [33],
several authors have made their great contributions to the study of the polar optical phonons and
their electron-phonon interactions in wurtzite nitride binary SLs |20, 134, 135]. For example, Gleize
and his coworkers [34] investigated the anisotropy effects on polar phonon modes in wurtzite
GaN/AIN SLs, and the quasi-confined (QC) phonon modes and interface-optical (I0) phonon
modes were found in the SL structures. Medeiros, Anselmo and their cooperators studied the
confinement of polar optical phonons in two-layer periodic GaN/AIN SLs [35] based on the dielec-
tric continuum model (DCM), and the phonon dispersive spectra of the systems were displayed
in their discussions. From the viewpoint of experimental investigations, Darakchieva et al. [36]
studied the phonons in AIN/GaN SLs using a combination of infrared spectroscopic ellipsometry
and Raman scattering spectroscopy. And the E;(TO), A;(LO) and E; localized, and E;(LO) and
A1(TO) delocalized superlattice modes were identified. Recently, Davydov et al. [37] studied the
lattice dynamics and Raman spectra of strained hexagonal wurtzite GaN/AIN and GaN/AlGaN
SLs, and thus the IO and the QC phonon modes were observed. Gleize and coauthors [38] probed
the confined phonons in hexagonal GaN-AIN artificial SL structures based on non-resonant Raman
scattering, and the QC optical phonon modes were observed. Gleize’s group [39] also measured the
angular dispersion of polar IO and QC phonons in a hexagonal nitride SL, and the experimental
data were in good agreement with the results of a previous calculation based on a DCM. Dutta
et al. [40] reported Raman scattering results in binary SLs of GaN/(In)AIN, which also proves
the availability of DCM for the description of polar optical phonon modes in wurtzite nitride het-
erostructures. Therefore, the DCM and Loudon’s uniaxial crystal model are reliable and will be
adopted to the investigation of the optical phonon modes in wurtzite nitride SL with complex bases
in the present paper.

The main accomplishments and significance of this work lie in the following three points. (i)
Via solving the Laplace equation of phonon potentials in wurtzite SLs with n-layer complex bases,
it is confirmed that 2™ types of polar phonon modes, i.e. the propagating (PR) mode, the IO mode,
the (2" —2) QC modes probably coexist in wurtzite complex-base SL structures. (ii) By using the
transfer-matrix method [8,19], the polar optical phonon states and corresponding dispersive equa-
tions for the 2™ types of polar phonon modes in wurtzite nitride complex-bases SLs are given within
the framework of the DCM and the Loudon’s uniaxial lattice model. (iii) As an example, a wurtzite
GaN/Al,Ga;_,N/Al,Ga;_yN SL with three-layer complex bases is chosen to check the theoreti-
cal scheme described in the present paper. The numerical result reveals that there are five types
of phonon modes in the wurtzite GaN/Al, Ga;_;N/Al,Ga;_yN three-layer SLs chosen here. The
dispersive spectra behave as a series of frequency bands, which are narrower than those in wurtzite
two-layer GaN-based SLs |20, [34, 135]. The present theoretical scheme and numerical results are
important and useful for further experimental and theoretical investigations of the polar phonon
modes behaviors and their effect on optoelectronic properties in wurtzite nitride SLs with complex
bases. The rest sections of the paper are organized as follows: the phonon states and their dispersive
equations of a wurtzite GaN-based SL with n-layer complex bases are deduced in section 2 based on
the transfer-matrix method; the numerical results for the dispersion relation, the electrostatic po-
tential functions of the phonon modes on a wurtzite GaN/Al,Gay_,N/Al,Ga;_,N SL with three-
layer complex bases are performed and discussed in section 3; Finally, we summarized the main
results and discussed the significance of the theory described in the current work in the last section.
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2. Theory

Let us consider a wurtzite GaN/Al,, Gaj_5, N/Al,,Ga;_,N/ .../Al,, ,Gaij_,, N quasi-2-
dimensional (Q2D) complex bases SL with n-layer per period (as shown in figure 1). The z axis
is taken along the [0001] direction (c-axis) of the wurtzite crystals, and the origin of coordinate is
chosen at the left hand side of some a GaN layer. The widths of GaN layers and the Al,,Ga;_,, N
layers are d; (i =0, 1, 2, 3,..., n — 1), respectively. Thus the period of the complex bases SL is
L = 2?2—01 d; . For convenience, we label the GaN layer with origin of coordinate and its right
Al;,Ga;_,,N (1 =1,2,...,n — 1) layers as the unit cell 0. The periodic unit cells of the SL on
the right hand side of the unit cell 0 are labeled successively as unit cell 1, 2, 3,..., while those
on the left hand side of unit cell 0 are labeled as unit cell —1,—2,—3,.... Due to the anisotropy
of wurtzite crystals, the polar phonon frequencies and the dielectric function becomes direction
dependent. If one denotes the direction of c-axis as z and its perpendicular direction as t, the
dielectric tensor can be written as

€ i(w) O 0
aw = [0 w0 , (1)
0 0 €2,i(w)
where
WQ*WtQLi WQ*CL’?Lz‘
eri(w) = et’im , €:.i(w) = emm , (t=0,1,2,...,n—1). (2)

Here w, 1, w, 1, w1, and wyr are the zone center characteristic frequencies of Ay (LO), A1(TO),
E;(LO), and E;(TO) modes, respectively. The subscripts i = 0, 1, 2,..., n—1 denote the ith-layer
Al;,Gaj_;,;N materials in any unit cell IV, respectively.
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Figure 1. Schematic drawing of a GaN-based SL with n-layer complex bases. Here the z-axis is
taken along the [0001] direction (c-axis).

In the case of free oscillations (the charge density po(r) = 0) and using the Maxwell equations,
the electric displacement vector D satisfies the following equation under the cylindrical coordinates,
ie.

V-D=—¢ {et(w) [%gp(pagp)—i-%aa—w} —1—64@%}‘1’(1‘):0- 3)

It is obvious that equation (B]) is a Laplace equation, and its solution ®(r) is the electrostatic
potential of polar optical phonon modes. In fact, via solving the equation (B]) in the wurtzite SLs,
one can get the complete polar optical phonon modes. In order to solve equation (B conveniently,
we define two functions as

Gilw) = signlesi(w)eri(w)],

vilw) = y/ei(w)/esi(w), (1=0,1,2,...,n—1),

{ Vieviw)/ezi(w)l,  Gi(w) =0, @)
Hy/leri(w)/eiw)],  G(w) <O.
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In terms of the theories of two-order differential equations, we know that, when (;(w) < 0, the
electrostatic potentials of phonon modes in the ith-layer material correspond to the oscillating
waves. On the contrary, they correspond to the decaying ones when ¢;(w) > 0 [26-28]. Taking into
account the oscillating or decaying waves in n-layers of some unit cell in the complex bases SL
structures, it can be confirmed that 2™ types of polar phonon modes are likely to exist in wurtzite
GaN-based SLs with n-layer complex bases. They are the IO phonon mode ({;(w) > 0), the PR
phonon mode (;(w) < 0) [25,134], and the (2™ — 2) types of the QC phonon modes (at least one
Gi(w) > 0, and one (j(w) < 0, ¢ # j) [34, 137, 139] in wurtzite SLs, respectively. These QC modes
are distinguished and labeled as follows. In some unit cell of the complex bases SL, if the function
¢i(w) takes negative values in j = u,v,w,... (j < n) layers, then the QC mode is expressed by
QCwv-W»  For example, in a three-layer complex bases SL, the QC modes are denoted as QCI—
if the functions (;(w) (i = 1, 2) are negative, and (3(w) > 0.

Next, let us discuss the phonon states and dispersive equations of all the phonon modes in
wurtzite nitride SLs with n-layer complex bases in a uniform method. Considering the translational
invariance in p-plane (the perpendicular plane to z axis) of the SL quantum structures, the phonon
electrostatic potentials in the N-th unit cell of the wurtzite GaN-based SLs with complex bases
can be written as follows,

@N(r) = (I)N (pa Z) = eikt.prN (Z)v (5)
and
on,0(2), NL<z<NL+dy,
on(z) = { oni(2), NL+Y/ b di <2< NL+Y!_,di, (6)

dnmo1(2), NL+Y"2di<z<(N+1)L
Ag exp|yoki(z — NL)] + By exp[—~ok:(z — NL)],

o Ajexplyiki(z — NL - 020 )
eI x ¢ +Bjexp[—yiki(z — NL =%, —d;i)],

Ap—1explyn_thk(z = NL — 3077 di)2]
+Bn-1exp[—Yn-1ki(z — NL = 33177 di)],

where k; is a wave-vector of phonon modes in the p-plane. And ¢ is a wave vector that will arise
in the dispersion relation for the collective excitations in SLs. In fact, the phase factor e'¥VF is
introduced to fulfill the Bloch’s theorem: [41, 42|

$(z) = ePUy(2),
U=+ NL) = Uyz), (N=0,41,+2,...). (7)

Via equation (@), it is seen that v;(w) = /|eri(w)/€2.i(w)] as ;(w) > 0. The potential ¢ ;(z) =
A; explyikiz] + B; exp[—~ik:z] in the i-layer of unit cell N behaves as a decaying wave based
on equation (@) in this situation. On the contrary, v;(w) = =£iv/|eri(w)/€,:(w)| as i(w) < 0.
Under this situation, based on equation (@), it is found that the potential function ¢ ;(z) =
A; exp[i|y;| kez]+B; exp[—i|7:| ki 2] in the i-layer of unit cell N, which just behaves as an oscillating
wave. This illustrates that, whether ¢;(w) is positive or negative, the equation (@) gives the complete
phonon electrostatic potentials of the phonon modes including the IO modes, the PR modes and
the QC modes in wurtzite complex bases SLs.

The phonon potential functions and the normal components of electric displacement should
be continuous at each heterostructure interface. These are referred to as continuity boundary
conditions (BCs). Using these continuity BCs, one can obtain a series of BC Egs. (§) in GaN-based
SLs with complex bases, i.e.,

dno(NL) = én—1,n-1(NL),
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dén,o(2) _ don—1,n-1(2)
[P a— = €Com—1—" >3 ,
’ dz 2=NL ’ dz 2=NL
BRI .
¢N,i(NL+Zdi) = ¢N71,i+1(NL+Zdi)a
i=0 i=0
dén.i(2) N don—1,i+1(2)
€ri— 7 , = €41 , ,
Todz le=NLETigd ’ dz Z=NL+YiZld;

n—2 n—2
SNna(NL+ Y di) = ¢nna(NL+ Y di),

i=0 =0
d¢N,n—1(Z)

don.n—2(2)
2=NL+Y "2 d; sl dz

€z,n—2 dz

(8)

S=NLAYI dy

Substituting equation (@) into equations (8), and defining two 2 x 2 matrixes equations (@), ([I0)
and a vector ([I), the equations () can be expressed in concise forms. The matrixes and the vector
are defined as follows:

M< exp(7ik:d;) exp(—y;kid;) ) )
! €zi exp(viked;)  —e€. i exp(viked;)

m(l ! ), (10)
€243  T€zi%i

q(ﬁ). (11)

Using the above definitions ([@) to (), the equations (§) can be expressed compactly by the
following matrix equations ([I2)), i.e.,

and

exp(—igL)M;—1Cp—1 = NoCo,
Mzcz = Ni+1Ci+1 5 (’L = 0, 1, ceey, N — 2) (12)
M, 2C, 2 = N, 1C, 1.

Via solving inverse matrix on equation (I2)), it is easy to get the relation:

n—1
exp(—igL)M,,_1C, 1 = H D;C-1, (13)
j=0
where
D; = M; Ny . (14)

The condition of the linear and homogeneous equations (I3)) having nonzero solutions for C,,_;
will result in 2 x 2 coefficient determinant equal to 0, i.e.,

n—1
Det[exp(—igL)M,,_1 — H D] =0. (15)
j=0

This equation ([T is just the dispersive equation of phonon modes in wurtzite nitride SLs with
complex bases. Substituting the dielectric functions (2)) and the structural parameters d; into the
dispersive equation (15, the dispersive frequencies of phonon modes in the complex based nitride
SLs can be worked out as a function of the wave-number k; . It is worth to mention that, as the
materials become isotropic (i.e. & = €,), the dispersive equation (&) of anisotropic SL crystals
will reduce to those of isotropic SLs [43]. In the situation, there are two types of phonon modes,
i.e., the IO and the longitudinal-optical-like modes exist in the isotropic SL systems [21, 22, |43].
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3. Numerical results and discussion

In section 2, we have derived the phonon states and their dispersive equations of all the polar
optical phonon modes in wurtzite nitride SLs with n-layer complex bases. However, the corre-
sponding analytical formulas are complicated. In order to get a clear picture for the dispersive
behaviors of the types of polar optical phonon modes in wurtzite complex bases SL systems, an
application of the present theories based on a nitride SL with GaN/Alg 15Gag.s5N/AIN three-layer
complex bases is performed, and a numerical calculation of dispersive relationship is carried out.
The material parameters used in our calculations are listed in table 1 [26, 27, [34].

Table 1. Zone-center energies (in meV) of polar optical phonons, dielectric constants of wurtzite
GaN, Alp.15Gao.gsN and AIN materials [26, 127, 134].

Wt T Wt L Wz, T Wz, L €00

GaN 69.25 91.83 65.91 90.97 5.35
AIN 83.13 113.02 75.72 110.30 4.77
Aly15Gag.gsN 71.332 90.009 67.382 93.87 5.263

Table 2. Signs of the functions ¢;(w) [i = 1 (GaN), 2 (Alo.15Gao.s5N) and 3 (AIN)] and the
frequency ranges of the phonon modes in wurtzite three-layer GaN/Alg.15Gag.s5N/AIN complex

bases SLs. w
11 D1y Oy Oy Oz Oy Oy Oy Oy Oy O3 O 5

| ! ! ! ! !
T T T T T

Rangel II II IV V VI VI VI IX X X XI XII @

Ranges I II III IV VvV VI VI VII IX X XI XII XIII

(@) + - - 4+ + + 4+ -+ o+ o+ 4+ o+
L©) + + - - 4+ + + + + - + + +
Go) + + + + + - + + + + + - +

Modes I0 QC' QC+ QC*" 10 QC% 10 QCt 10 QCi 10 QCH 10

Before analyzing the dispersive properties of phonon modes, let us first discuss the frequency ran-
ges of the possible phonon modes in wurtzite SL systems with three-layer GaN/Alg 15Gag g5 N/AIN
complex bases. In terms of the material parameters given in table 1, the signs of the functions ¢;(w)
[i =1 (GaN), 2(Alp.15Gag.s5N), 3(AIN)] and the frequency ranges of the phonon modes in wurtzite
GaN-based SLs with three-layer complex bases are shown in table 2. From the table, it is observed
that the characteristic frequencies of GaN, Alg 15Gag.gsN and AIN materials divide the frequency
w axis into thirteen subranges. For convenience, these subranges are labeled as range I, II, . . ., XII,
XIIT from left to right. In each frequency subrange, the signs of the characteristic functions ¢;(w)
[equation (@2])] are defined. Based on the properties of different types of phonon modes, namely
behaving as decaying (vibrating) waves in the complex bases material layers of the SLs, the possi-
ble frequency ranges of these phonon modes in GaN/Aly 15Gag g5N/AIN complex bases SLs can be
recognized. It is found that the IO modes of the system are likely to exist in the subranges I, V, IX,
XTI and XIII due to the positive values of (;(w) (i = 1, 2, 3) in these five subranges. The PR phonon
modes do not appear in the GaN/Alp 15Gag.s5N/AIN three-layer complex bases SLs because there
are no frequency subranges satisfying simultaneously the conditions (;(w) < 0 (i = 1, 2, 3). Tt is
found that four types of QC phonon modes, namely, the QC!, QC!, QCH and QC! phonon modes
are likely to appear in the structure. Here the superscript “i, ii, iii” of QCH1 modes represent
GaN, Al 15Gag.ssN and AIN in some unit cell of the nitride SLs, respectively. In fact, the QC!
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modes appear in ranges II and VIII, the QC!! mode just exists in subrange of III, the QC! modes
also appear in two subranges of IV and X, and the frequency of QC! modes falls into the subranges
VI and XII. Taking into account the condition of solution [44], the dispersive equation (&) for
IO phonon modes has no solution in the subranges I, VII and XIII. Thus, the IO phonon modes
just appear in the three frequency subranges of V, IX and XI. And the subranges I, VII and XIII
are termed as the forbidden frequency subranges. Apart from the forbidden frequency subranges
I, VII and XIII of IO modes, the dispersive equations of other QC phonon modes have solutions in
corresponding frequency ranges. Considering the forbidden subrange VII, the frequency subranges
II, I11,. . ., VI are termed as low-frequency range, while the subranges VIII, IX,. .., XIII are referred
to as high-frequency range.

th3 . — — — ——
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A~ oe Q —S
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Dash lines gL=T
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7T e e e e e e e e e e e e e e e e e m e e e e ]
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72
tT2)

thl
69

zT2
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Figure 2. Dispersive spectra of the polar optical phonon modes in low-frequency as functions of
the free wave-number k; of p-plane in a wurtzite three-layer GaN/Alp.15Gao.s5 N/AIN complex
bases SL with di = d2 = d3 = 5 nm. The solid lines and dashed lines correspond to the cases of
qL = 0 and 7, respectively.

Figure 2 depicts the dispersive properties of the polar optical phonon modes in low-frequency
range as a function of the free wave-number k; of p-plane in a three-layer GaN/Alg 15Gag g5 N/AIN
complex bases SL with d; = dy = d3 = 5 nm. The solid lines and dashed lines correspond to the
cases of phase gL = 0 and m, respectively. The areas between a solid line and an adjacent dashed
line are shaded. In fact, these shaded areas are the dispersive frequency bands of corresponding
phonon modes in SLs. From the figure, it is clearly seen that four characteristic frequencies w, 12,
wi,T1, w2 and w, 1.3 (dashed and dot lines) divide the low-frequency range into five subranges.
In terms of the order of increasing frequency, the QC!, the QC'~, the QCH, the 10 and the QC'!
phonon modes appear successively in the five frequency subranges, respectively. These observations
are completely consistent with the above analysis in table 2. Apart from the IO phonon modes,
all the other phonon modes have infinity phonon branches in each frequency subrange. But only
two branches of 10 phonon modes exist in the low-frequency range, and they are labeled by 10y,
and IOy shown in the figure. For clarity, no more than six branches of QC phonon modes are
plotted in each frequency subrange of QC modes here. These QC phonon branches are labeled by

13602-7



L. Zhang

QC;/I_“/“/“I, (1 =1,2,3,...), respectively. The subscript i in symbol QC;/I_”/”/111 denotes the
order of these QC phonon branches. In figure 1, all the other dispersive curves are monotonous and
decreasing functions of k; except for the 101, modes and QC} phonon branch. With the increase of
k: , the frequency bands (shaded areas) of phonon modes become narrower and narrower. And the
solid lines and corresponding dashed lines converge to the same frequency values as k:d; approaches
10. The profound physical reason for this feature lies in the obvious fact that, as the wave-number
is large enough, the wave-length of phonon is quite short, and the complex bases SLs can be
looked at as a series of independent three-layer GaN/Alg 15Gag g5 N/AIN QWs. Thus, the phonon
frequency bands of wurtzite SLs reduce to the phonon branches of wurtzite QWs. For example, the
frequency of 101, modes of the SLs approaches 71.67 meV as k;d; — 10, which is just the same as
the IO phonon limited frequency in GaN/AIN QWs [25, 27, 29]. Similarly, the QC'~ modes in the
SLs will reduce to the analogous behaviors of PR phonon modes in GaN/Alj 15Gag.s5IN QWs [26].
In a certain frequency subrange of some phonon modes, the higher is the order i of QC;/ i—ii/ii/iii
(1 =1,2,3,...), the weaker is the dispersion of the phonon modes. This is a general feature of
phonon modes in low-dimensional quantum structures |26, [27, 134]. An interesting feature is that,
as the frequencies of QC;_ii phonon frequency bands are lower than the characteristic frequency
Wz T,2, these QC;_ii phonon bands degenerate into the corresponding QC! phonon frequency bands.
Also, the QCil! degenerating to 10y is clearly observed. But the QC' phonon modes are cut off
at the frequency wy 1.1, which means that the number of the phonon branches decreases with the
increase of k;. These are the typical features of phonon modes in anisotropic wurtzite confined
quantum systems [25-217,134]. The extension of frequency bands (shaded areas) for the QC phonon
modes is more distinct relative to those for the IO phonon modes in the low-frequency range.

114

sz3
108

102

Solid lines ¢L= 0
Dash lines L= 1t

W (meV)

Figure 3. Dispersion frequencies w of the polar optical phonon modes in high-frequency range
as functions of k; in three-layer GaN/Aly.15Gao.s5N complex bases SL structures.The meanings
of all curves and symbols in the figure are the same as those in figure 2.

The dispersive frequencies w of the polar optical phonon modes in high-frequency range as
functions of k; in a three-layer GaN/Aly 15Gag.s5N/AIN complex bases SL are plotted in figure 3.
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The meanings of all curves and symbols in the figures are the same as those in figure 2. Same as in
figure 2, four characteristic frequencies wyr, 1, Wy L2, we 2 and w, 1,3 (dashed and dotted lines)
divide the high-frequency range into five subranges. The QC' modes and QC! modes cover the
lowest- and the highest- frequency subranges of the high-frequency range, respectively. The QC!
phonon modes occupy the middle subrange of [wz,hg ,wt,hg]. These are the same as in figure 2. But
the IO phonon modes of high-frequency range appear in two subranges, which is quite different from
those in figure 2. Except for the IOy, the other dispersive curves are monotonous and increased
functions of k;. As k;d; — 10, the IO phonon modes in the two subranges converge to three
certain frequency values, which are the same value of IO phonon modes in GaN/Alj 15Gag g5 N/AIN
QWs [25,127,29]. The physics of this feature is analyzed above in figure 2. Comparing the frequency
bands of phonon modes in the five subranges, it is found that the frequency band extensions of the
IO modes in contrast to those of the QC modes in high-frequency range are quite obvious. This
is just opposite to the case of the low-frequency range in figure 2, in which the frequency band
extensions of the QC modes are more distinct than those of IO phonon modes in low-frequency
range. In fact, the frequency band extension of phonon modes is due to the periodic crystal structure
of SLs, which is quite similar to the situation of energy band of periodic crystal structures [45].
As the wurtzite GaN/Al,Ga;_,N/AIN SL reduces to the finite-layer GaN/Al,Ga;_,N/AIN QW
structures, the QC (IO) phonon bands in wurtzite SLs will naturally reduce to the dispersive curves
of QC, PR, half-space (HS) and IO phonon modes in wurtzite QWs [25-29].

As stated in the Introduction, the complex bases SLs possess more adjustable structural pa-
rameters, and excellent miniband and minigap properties. These characteristics utilized in infrared
photodetectors, effective-mass filtering, and tuning of the tunneling current |[11-13]. As the first
step to investigate the polaronic effect on the optic and electronic properties in GaN-based SL
with complex bases, the phonon modes and their dispersive spectra of the structures are neces-
sary. As a new and important topic, the geometrical-parameter increases the polaronic effect of
electronic and optoelectronic characteristics in GaN-based SLs with complex bases and will be
studied and reported in the future. The IO and QC modes in binary GaN/AIN SLs were observed
in experiments [37H39]. The experimental observations on phonon modes in GaN-based SLs with
complex bases have been rarely reported by now due to the difficulty of crystal growth. With
the great advance of semiconductor technology, the phonon modes are anticipated to be found in
the GaN-base SLs with complex bases by the analogous techniques as those used in [37439]. At
last, we should point out that the present theoretical scheme and numerical results are based on
non-retardation limit for simplicity. In fact, this treatment is widely adopted to be dealt with the
crystal dynamics in GaN-based quantum structures |25-28, 133, 134]. The experimental results of
angular dispersion of polar phonons and Raman scattering have been proven to be in good agree-
ment with the calculations based on the non-retarded DCM |38, 139]. The recent calculation of
polaronic binding energy in GaN nanowire also well agrees with relative experimental values [46].
This shows the reliability and meaningfulness of non-retardation treatment for the phonon modes
in GaN quantum structures. Of course, a general case of retarded modes can be considered within
the framework of transverse magnetic (TM) polarization [33].

4. Conclusions

In the present paper, we have analyzed and discussed the completing polar optical phonon
modes in a wurtzite GaN-based SL with arbitrary-layer complex bases using the transfer-matrix
method. Via solving the Laplace equations in wurtzite crystal, it is proved that 2™ types of polar
phonon modes including the PR, 10, QCV1/ii phonon modes are likely to exist in wurtzite
nitride SLs with n-layer complex bases. The analytical phonon states of these phonon modes are
obtained by means of the DCM and Loudon’s uniaxial crystal model. Based on appropriate BCs,
the concise dispersive equations of these phonon modes in wurtzite complex bases SLs are derived.
An application of the present theories to a wurtzite SL with three layer GaN/Aly 15Gag g5 N/AIN
complex bases is performed. Numerical calculations on dispersive properties are carried out. Our
results reveal that there are five types of phonon modes, i.e., one type of IO mode and four types of
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QC modes coexisting in the three-layer GaN/Alg 15Gag.s5N/AIN complex bases SLs. The dispersive
spectra of these phonon modes in SLs extend to be a series of frequency bands. It is also pointed
out that, if the SL structures degenerate into corresponding finite wurtzite QWs, the QC and 10
phonon bands in wurtzite SLs will naturally reduce to the PR, 10, HS and QC phonon modes
in wurtzite QWs [25-29]. The present theoretical and numerical results are important for further
analysis and discussion of the dispersive spectra of phonon modes and their polaronic effect on the
optical and electronic properties in wurtzite GaN/Al,Gaj_,N SLs. We hope that the present work
will stimulate further theoretical and experimental investigations of phonon properties, as well as
their effect on the physical properties in wurtzite GaN-based SL systems.
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CTtaHu nonsapHux onTU4HUX (POHOHIB Ta TIXHI AUCNEPCIiVHI
CNeKTPU BIOPLUMUT HITPUAHOI cyneprpaTku 3i CKJ1lagHuMu
6a3ucamu: metop TpaHchep-MmaTpuLi

J1. >XKanr
MonitexHika MNyaHuwkoy Maxblo, MNyaHuxoy, HapogHa Pecny6nika Kutai

Ha ocHoBi gienekTpuyHOi HenepepBHOi Moaeni i Mmetogy TpaHchep-MaTpuLi, AOCNIOXKEHO AOMNOBHEHI
CTaHW NMoNIIPHUX ONTUYHNX HOHOHIB Y BlopumT GaN-6a3oBaHini cyneprpartui (CI) 3i cknagHumn 6asncamu.
JoBeneHo, Wwo 2™ TMnn GOHOHHMUX MO, iCHYIOTb Yy BIOPUMUT HITpMAHin CI 3 n-lwapoBMMMK CKIAAHUMMN
6a3ncamun. OTpMMaHO aHaniTU4Hi GOHOHHI CTaHW LMX MOJ, Ta iXHi AMCNEPCIliHI PIBHAHHSA Y CTPYKTypax
Blopunty GaN/Al;Ga;_,N CI. 3gjilicHeHO 4McnoBi po3paxyHkn Ha TpuwapoBux GaN/Alg.15Gagp.g5N/AIN
cknagHux 6asucax CI. Peaynbtatu nokaayioTb, Wo € iHTepdencHi ontuyHi (I0) GOHOHHI MOaW Tinbku
OZLHOrO TWMY i YoTUpK TUNK kBasiodbmexeHnx (KO) poHoHHUX Mopg y Tpuwaposmx GaN/Alg 15Gag. g5 N/AIN
cklafiHMx 6asuncax cyneprpartok. JucnepcinHi cnekTpy GOHOHHMX MOZ, B CKNIafHUX 6a3ncax cyneprparTok
PO3LUMPIOIOTLCSA A0 HU3KM 4YaCTOTHMX 30H. CnocTtepiraetbesl, wo nosediHka KO mop, penykyetbcst oo
10 mopa. Lis TeopeTnyHa cxema i YACNOoBI pe3ynbTaTn € AOCUTb KOPUCHUMW s aHanidy AucnepcinHmnx
CNEKTPIB AOMNOBHEHNX GOHOHHUX MOZ, | iXHIX NONIIPOHHUX BNAKBIB Y BIOpUMT GaN-6a3oBaHnX cyneprparkax
i3 cknagHuMn 6asucamu.

Knio4oBi cnoBa: ontunyHi QOHOHHI Moau, ANCIEPCIKiHI CrIekTpu, Cyrneprparka BIopunTy, MeTos
TpaHchep-marTpuLi
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