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Abstract: The interface and confined phonon modes of the wurtzite quantum cascade laser are

investigated using the transfer-matrix method. One group of interface modes and two groups of

confined modes are presented in the longitudinal optical frequency domain, and the interface

modes can be transited into the confined modes for two lowest frequency modes. The dispersions

and electronic potentials of the interface and confined modes are obviously different, and the

scattering rate induced by the confined mode is comparable to that induced by the interface mode.
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0 Introduction

The quantum cascade laser (QCL) is an
important semiconductor laser source from the
point of view of basic reseach and potential

181 Tts structure is composed of many

applications
periods,in which a special type of semiconductor
heterostructrue is grown with some alternating
layers of different materials and with varying
thicknesses. Sun“* and Huang"! propose to use a
GaN-based system with large LO-phonon energy
(~90 meV) for THz QCLs aiming at achieving
GaN-based

hexagonal

high temperature operation. The

material usually crystallize in the

wurtzite structuret®’?,

Every primitive cell in
wurtzite contains four atoms, and nine optical and
three acoustical branchs are presented. Only two
optical phonon are both Raman and infrared active,
which correspond to the A; and E, modes™ . The
A, and E, modes all split into longitudinal-optical
(LO) and transverse-optical (TO) components.
Several theoretical investigation based on the
DC model and London’s uniaxial model have so far
been presented to the polar optical phonons in

wurtzite GaN-based heterojunctionst®*,

Among
them, Chen utilizes the macroscopic dielectric

continuum (MDC) approach, and Lu utilizes the
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transfer-matrix method ( TMM) to study the
interface and confined phonons of GaN/ZnO
quantum well. TMM is also adopted by Gleize to
describe the interface and confined phonons of GaN
quantum well and GaN/AIN superlattice. In this
present paper, TMM is used to investigate the
interface and confined phonons in AlGaN/GaN
QCL. The valuable conclusions are achieved by
comparing the phonon spectra, potentials, and
electron-phonon interactions of the interface modes

with those of the confined modes.

1 TMM theory model for QCL

The wurtzite Al 5 Gay s N/GaN three-well
QCL proposed by Sun is considered here™! ,and the
width of each layer in one period is 3. 0,4.0,3.0,
2.5,2.0,2.5 nm, respectively, where the boldface
number is indicated as the width of wells. The
and wavefunctions of

electron energy levels

subband in one period are shown in Fig. 1,which
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Fig.1 Band structure,subband energy separations

and wavefunctions of one period
under the external bias E=7.0X10" V/cm
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can be calculated by solving the effective mass

Schrodinger and Poisson’s equations self-consistently.

The phonon mode in each layer can be
regarded as the linear combination of spatial
functions and can be rewritten as''?

¢, () =A;e*+DBje 7~ D)
where

0, =V~ (&1 /e.0q )

of the tangential component of the electric field and
the 2 component of the displacement vector must
be continuous at the interfaces.

Ej.:8¢é(z) :emqia@g (2)
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Applying the boundary conditions, we can

3

2=z

obtain the TM related to the successive layers as

the boundary conditions satisfy that the continuity follow
l ( (1‘5‘0@;,»\1)61(‘11-27(1-”1-:)11 ...... (17(1)'”l)g*z(q}_:Jrq“l_:)zj ) (r>
i1l T o . . . _ . o]
7 2 (1—am+])€'<4J.;+<1]+x.;)~1 ...... (A+a;,;11)e ey —a; 1 D%

where a;.; 11 = k;s¢;../Ckji1e;01..) s and the total
matrix between the first and the last layer is
denoted as
My, -+ My, N
): oM. ., 6
]\42]...]\/[22 j=0
To suit the calculation of TMM, the width of the

first barrier in Fig. 1 is changed from 3 nm to oo,

M, — (

There will be six interfaces to be treated within the
TMM theory. In addition, the attenuation condition
requires that the phonon modes should be zero as =
tends to > oo,1. e. , A, = B; = 0. Consequently we
can obtain the phonon spectra from this formula,
i.e. , My, = 0. Due to the anisotropy of wurtzite

structure, the dielectric function is classified into

two types
(,UZ_(,()Z wZ_wZ
(e 0L _ (e E
el (w)=¢" 5 e (w)=¢" —/—— D)
w” TwlT " T wer
where ¢ and ¢ are the optical dielectric

) — (o)
= ¢,

constants, and the relation ¢{~ is satisfied
with good accuracy'™, w,; and w. are the zone
center longitudinal E; (LO) and A, (LO) phonon
frequencies, w,r and w.r the

(TO) and A, (TO)
frequencies. If ¢, (w)e. (w) > 0, together with

are zone center

transverse E,; phonon

;.- (wej+1,: (w)<<0,is satisfied for each layer, we
the

Otherwise,if e | (w)e.(w) >0 is satisfied for barrier

will obtain interface phonon modes™.
layers and ¢, (w)e. (w) <O is satisfied for well

layers, the confined phonon modes will be

achieved.
2 Interface and confined phonons in
QCL

In our calculations,we take d=14 nm,and the

material parameters,i. e. , the zone-center TO and

LO frequencies of GaN and Al 5 Ga, s; N are cited
from Ref. [7]. Fig. 2 shows the dispersions of
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Fig. 2 The dispersion of interface and confined phonons

in Aly 15 Ga, s N/GaN QCL
interface and confined phonons of wurtzite QCL.
The characteristic phonon frequencies are shown
by the dashed lines. The dot-dashed lines indicate
the resonant frequency for IF mode. There are six
interface modes, corresponding to [ wi.Gaxs
wa. ncey ) sand two groups of quantumized confined
modes, corresponding to [ wu .cans @ r.cn J (C
domain) and [ w, . acans oLy ] (Cp domain),
An
presented that g740 and gc.n =0 when the interface
and 2 (labeled from to high

frequency) approach w,, of GaN. We know the

respectively. interesting consequence 1s

modes 1 low
modes 1 and 2 will be changed into the confined
modes a,0 and s, 0 with purely real gon in GaN
well,if gd is less than the values denoted in Fig. 2.
The confined modes are denoted with quantum
number m and the quasi-symmetric property:
symmetric (s) and antisymmetric (a). The reason
for the prefix “quasi-” to be added is that the space
is not strictly symmetric according to the middle
plane of one period. The modes 0 and 1 in the C,
domain, and the mode 1 in the C; domain, are

nondegenerate, furthermore these modes approach
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w, . of GaN and AlGaN, respectively, when qd —
oo,

Based on the known dispersion relations, we
can get the electrostatic potential distribution of
the phonon modes. The normalization of the
phonon potential can be obtained from the
orthonormality and completeness conditions of the
phonon eigenfunctions. For the wurtzite, the

normalization condition is given by

h_si&o | dz[qLLi’-‘“’)|pg><qwz>\2+

Ei i Zwlay;r.j aa)
de..; (w) | 0p (q, »2) ‘)}
Ow oz (&)

From this condition, the potentials of interface
modes s, 2 and a, 5 are shown in Fig. 3. The
decaying amplitude of mode a .5 from the interfaces

is far stronger than that of mode s,2. Fig. 4 shows
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Fig. 3 The phonon potentials of modes s,
1

2 and a.5 at ¢g=0.3 nm~
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Fig. 4 The phonon potentials of modes s,
1 and 5,1 in C; domain at ¢=0.3 nm'

the potentials of modes s, 1 and a, 1 in the C;
domain,and the amplitude of mode s,1 is almost 10
times stronger than that of mode s,2. We can see
that the C; modes are not strictly confined in the
wells and they can penetrate into the barrier,so we
call them quasi-confined modes. Fig. 5 shows the
potentials of modes a,1 and a,1 in the C; domain,
and all the C; modes are strictly confined in the
wells,as is the same as the confined phonons in the
cubic heterostructure. Since the amplitude of the

confined modes largely decreases with the

increasing gqantum number m, it is safe to include
only the first three modes,i. e. ,m=0,1,2 for the
C; modes and m =1, 2,3 for the C; modes in
calculating the electron-confined-phonon

interactions.

Poteritial/(a.u.)
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Fig. 5 The phonon potentials of modes a,1

and a,1 in C; domain at g=0. 3 nm '

3 Scattering rates in QCL

The electron-optical-phonon interactions play
an important role in carrier scattering between
both levels of the lasers. The

scattering rate is derived from the Fermi's golden

intersubband

rule. We adopt the theoretical model of Lu to make
the calculations!'®'*), in which the the strong
anisotropy of wurtzite is taken into accout. The
scattering rates W3 and W, between the lasing
levels and the ground level in QCL are shown in
Fig. 6. Here E, is needed for the transition with
subband separation smaller than phonon energy.
we take AE,; =91 meV, which is is close to the
zone-center energy (90. 8 meV) of GaN A, (LO)
mode. As for W,, induced by the confined modes,
we can see the scattering rate of the C; mode (at
the left of dashed line) is smaller than that of the
Cy mode (at the right of line), as should be this
reason that the confinement of the C; mode is much
stronger in the wells. W,; induced by the interface

modes reaches its maximum at E,=4. 3 meV,in

10! T
i Interface eseseso
T i Confined sesssss
8
2
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Fig. 6 The scattering rates W, and W3, versus

the initial in-plane electron energy E,
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which the sum of AE,, and E, is just equal to the
zone-center energy of AlGaN A, (LO) phonon. For
AE;; =119 meV,W,, is far lower than W,, ,owing
to no resonance with the LO phonon, as is also
advantaged for QCL to obtain population inversion
between level 3 and 2. The scattering rate of the
that of the

interface mode, and we think the strong effect of

confined mode is comparable to
electron-confined-phonon interaction is attributed
to the relatively wide wells in QCL.

Yu and Cao have calculated the scattering
rates W, and W, induced by interface phonon in
the GaAs-based QCLM,

quantitatively smaller than, but the same order of

cubic which are
magnitude as the scattering rates in the GaN-based
wurtzite QCL. Sun has calculated the lifetimes 73,
and 75, in AlGaN/GaN QCLM ,i.e. .W,, =0. 37 *
10" s ', and W, = 4. 2 % 10" s ', which are
calculated by using bulk GaN phonon modes. We
find that the both scattering rates proposed by Sun
almost accord with the counterpart induced by the

interface or confined phonon in our paper.

4 Conclusion

We use the TMM model to investigate the
interface and confined phonons in the AlGaN/GaN
QCL. The in I:a)il,,(m.\l ’

w4 ncey ) smeanwhile two groups of confined modes

interface modes exist
correspond to [wd,,earx‘ s W] L.GaN ] and [wzl,.AlGaN s
o L.acey J. The potentials of the interface phonons
reach their maximum at the interfaces,and those of
the confined modes are almost confined in the
wells. Only the first three confined modes are
considered to calculate the scattering rates,and we
find the scattering rate induced by the confined
mode is comparable to that induced by the interface
mode. Furthermore we find it helpful to enhance
the population inversion in QCL that A E,, must be
palced in resonance with the LLO phonon energy,

meanwhile AE; and AE;, must be kept away.
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