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Interface phonon—polaritons in quantum well
systems of polar ternary mixed crystals®
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The interface phonon—polaritons in quantum well systems consisting of polar ternary mixed crystals are investi-

gated. The numerical results of the interface phonon—polariton frequencies in the GaAs/Al,Gaj_g4As, ZnSzSe1—4/ZnS,

and Zn;Cdi_z;Se/ ZnSe quantum well systems are obtained and discussed. It is shown that there are six branches of

interface phonon—polariton modes distributed in three bulk phonon-polariton forbidden bands in the systems. The

electric fields of interface phonon—polaritons are also presented and show the interface locality of the modes. The effects

of the ‘two-mode’ and ‘one-mode’ behaviours of the ternary mixed crystals on the interface phonon—polariton modes

are shown in the dispersion curves.
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1. Introduction

Low-dimensional semiconductor systems, such as
quantum wells, heterostructures, and superlattices
have been investigated extensively due to their ap-
plications to new photo-electronic devices. The sur-
face mode and the interface mode of elementary ex-
citations in these systems are of considerable interest
in condensed matter physics.!'=13! Surface and inter-
face phonon—polaritons are both the mixed modes cou-
pling the transverse magnetic (TM) modes resulting
from the electromagnetic waves with infrared active
lattice vibrations localised near the surfaces or inter-
faces of the systems. These modes can usually be ob-
served by using the Raman scattering and attenuated-
total-reflection (ATR) methods experimentally.[!:26]
Recently, surface and interface phonon—polaritons of
wurtzite structure GaN thin film grown on 6H-SiC
substrate were investigated by means of p-polarised
infrared ATR spectroscopy.*?!

Mills and Maradudin!'¥ reported the first study
of the surface phonon—polaritons in a film on a sub-
strate and indicated that the surface and the in-
terface phonon—polariton frequencies lie between the
transverse optical (TO) and longitudinal optical (LO)
phonon frequencies of the surface active medium,
where the dielectric function is negative. Nakayama
et al’ studied a GaAs/AlAs heterostructure sys-

tem and obtained a branch of surface modes and four
branches of interface modes of phonon—polaritons. Re-
cently, He et al.[') investigated the dispersion equa-
tion of interface phonon—polariton modes in a finite
superlattice with structure defects by using a transfer
matrix method.

There is currently a great deal of interest in
the study of properties of the ternary mixed crys-
tals (TMCs), owing to their applications in mi-
crowave, photo-electronic, and fast devices.[!7=20] The
optical vibration of the lattices of TMCs exhibits
more complicated characteristic than that in binary
crystals,2122] and must lead the characteristics of sur-
face and interface phonon—polaritons to be different
from each other.

Surface polariton phenomena have already been

shown to offer applications in the microscopy,*®!

7 surface enhanced in-

coherent thermal emission,!
frared absorption,® and fields of high-density in-
frared data storage.l®’ The surface and the interface
phonon—polaritons in quasi-two-dimensional (2D) sys-
tems of polar binary crystals have been investigated

[1-3,6,14-16] However little attention has

extensively.
been paid to the studies on the interface phonon-—
polaritons in quantum wells (QWSs) consisting of polar
TMCs. Therefore a detailed investigation on interface
phonon—polaritons in QWs is necessary.

In this paper we study theoretically the inter-
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face phonon—polaritons in QW systems composed
of polar TMCs, in the framework of the modi-
fied random-element-isodisplacement model?2 and
the Born-Huang approximation,!?®! based on the
Maxwell’s equations with boundary conditions. The
frequencies and the electric field strengths of the in-
terface phonon—polaritons are calculated and the nu-
merical results for several III-V and II-VI systems are
obtained and discussed.

2. Formulation

Consider a QW structure composed of polar TMC
materials, where the well layer ‘1’ is in the region of

l

A exp (—ky2),
Ey(z) =
A® exp (kp2),

where A, AW B and A®@ describe the ampli-
tudes of the electric fields, k1 and ko are the decay
constants of the interface waves in the well layer ‘1’
and barrier layer ‘2’, respectively, and both are real
and positive to keep the waves decaying with their
distances from the interfaces. The equation satisfied
by the decay constants is given by

Ki =k —ei(w)w?/c?, (1=1,2). (2)

Applying the Maxwell’s equations and the continuity
boundary condition at z = d and —d to the compo-
nents E,(z) of the electric field, the implicit disper-
sion equation of the interface phonon—polaritons in the
QW system can be obtained as

£2 (w) _ K2 [exp(—k1d) F exp(k1d)
Ky |exp(—r1d) £ exp(kid) |’ 3)

where the upper one of the plus and minus signs in
Eq. (3) is subjected to the higher-frequency branch of
polariton modes in the QW system and the down to
the lower one. The corresponding dispersion relations
are respectively written as

€2 (w)/e1 (w) = — (ke/k1) tanh (k1d) (4)
for the higher-frequency branch, and

g2 (w)/e1 (w) = — (ko/k1) coth (k1d) (5)

AW exp(k12) + BM exp(—r12),

|z| < d and the barrier material ‘2’ fills in the regions
|z| > d. Interface phonon—polaritons propagate along
the x direction with the wave vector kj. The corre-
sponding electromagnetic interface waves are of trans-
verse magnetic (TM) character and localised near the
interfaces of the system, for which the electric field E
lies in the x—z plane and the magnetic field H is along
the y-axis. Extending the treatment used by Mills and
Maradudin['¥ for a film of binary crystal to the TMC
QW structure, the a-component of the electric field
FE can be written as the following form:

Ey = Eo(2) exp(ikyr — iwt), (a=xz,2), (1)

where

z>d,
—d<z<d, (1a)
z < —d,

for the lower-frequency branch. It is evident from
Egs. (4) and (5) that the interface phonon—polariton
waves can propagate only in the region where the ratio
of the dielectric function of the well material to that
of the barriers is negative, i.e. ea(w)/e1(w) < 0.

The dielectric function ¢;(w) of TMCs can
be derived

random-element-isodisplacement (MREI) model.l
23,24]

in the framework of the modified
22]
The Born—-Huang-like equation group describing
the lattice vibrations of TMC systems A,B;_,C is
given by

Wi = by Wy + biaWy + bisE, (6)
Wy = by Wy + byoWa + bos E, (7)
P = b3 W, + b3oWo + bss E, (8)

with Wy = ,u}/Qsl and Wy = ‘Lllé/282, where s; =
(ua —uc) and s = (up —uc) are respectively the rel-
ative displacements of the A—C ion and B—C ion pairs,
w1 and po are the corresponding reduced masses, ua,
ug, and uc are the displacements of the ions A, B,
and C, respectively. E is the macroscopic electric field
and P is the polarisation. The dynamical coefficients
bi; (4, j = 1, 2, 3) in the Born-Huang-like equations
have been determined by the previous studies.!?4-25]
Writing the solutions of Eqgs. (6)—(8) as the form
of plane-waves with the frequency w, the relation be-
tween the macroscopic electric field E and the polar-
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isation P can be obtained as

P
_ bagb12 — b13 (b22 + wz)
o (D11 + w?) (beo + w?) — bigbar
bisba1 — bas (b11 + w?
+ b32 15 2; 23( 112 v ) +bss p E.
(b11 + w?) (ba2 + w?) — bi2bar

(9)

And then the dielectric function of the TMC is
written as

e(w) =14+ x (w)/eo, (10)
where
x(w)
_ basbrz — b1z (b2 + w?)
o (b11 4+ w?) (baz + w?) — biaboy

bisbar — bag (b1 + w?

+ b3z 2 2; 23 ( 112 “) + b33

(D11 + w?) (beo + w?) — bigbar

(11)

and ¢ is the vacuum dielectric constant.

Equations (4) and (5) can be solved numerically,
by using Eq. (10) with expression (11) for the dielec-
tric functions of the TMC layers in the QW system,
to obtain the frequencies of the interface phonon-—
polaritons each as a function of the 2D wave vector
k”.

3. Numerical results and discus-

sion

The numerical calculations for the frequencies and
the electric field strengths of the interface phonon—
polaritons in several TMC QW systems of III-V, II-
VI compound semiconductors have been performed.
For the convenience of statement, two types of QWs,
where TMC A_,B;_,C fills in the well and the barri-
ers, separately, are considered in the calculations. The
following formula for the dielectric function e, (w) of

the binary crystal has been used:

2 2
_ . W —uYo
Ep (CU) = Eoom, (12)

where e, is the optical dielectric constant, and wro
and wr,o are respectively the frequencies of the trans-
verse optical (TO) and longitudinal optical (LO)
phonons of the binary crystal.

The numerical results for the GaAs/Al, Gaj_, As,
ZnS,Sei_,/ZnS, and Zn,Cd;_,Se/ZnSe QW sys-
tems, as examples, are shown in Figs. 1-4. The param-
eters used in the computations for binary materials are
given in Table 1. The TMC TO and LO phonon fre-
quencies are calculated by the method of Ref. [25] and
listed in Table 2.
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Fig. 1. Energies of interface phonon-—polaritons each as a function of wave-vector kj for QW systems (a)
GaAs/Alp.35Gag.65As, (b) ZnSp.4Seq.6/ZnS, and (¢) Zng.4Cdg.¢Se/ZnSe with well layer half-thickness d = 50 nm (solid
lines). The dimensionless wave-vectors k| c/wTGaas, k||¢/wTzZns, and k| c/wTznse are used, where wrGaAs, WTzns, and
wrznse are the frequencies of TO phonons for GaAs, ZnS, and ZnSe and ¢ the velocity of light. Energies of the bulk

phonon-polaritons of binary crystals (long-dash lines) and TMCs (dot lines) are also plotted for comparison.
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Fig. 2. Energies of interface phonon—polariton modes each as a function of well layer half-thickness d for the QW

systems (a) GaAs/Alg.35Gag.¢5As, (b) ZnSp.4Seo.6/ZnS, and (¢) Zng.4Cdo.6Se/ZnSe.
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Fig. 3. Spatial dependences of electric field strength of the interface phonon—polaritons for QW systems (a)
GaAs/Alg.35Gag.65As, (b) ZnSp.4Sep.¢/ZnS, and (¢) Zng.4Cdg.6Se/ZnSe with well layer half-thickness d = 10 nm
for k) =20 x 102 cm 1.

Figures 1(a)-1(c) show the interface phonon—polariton energies each as a function of two-dimensional wave-
number k| for QW systems GaAs/Alg 35Gag.65As, ZnSp.45e0.6/ZnS, and Zng 4Cdg ¢Se/ZnSe, respectively. It is
found that there are six branches of interface phonon—polariton frequencies, located respectively in the three
forbidden bands of bulk phonon—polaritons between the LO and the TO frequencies in the binary crystals and
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Fig. 4. Energies of interface phonon-polaritons (solid lines) each as a function of composition z for QW systems
(a) GaAs/Al;Gai_zAs, (b) ZnS;Se1—z/ZnS, and (¢) ZnyCdi—,Se/ZnSe. The dash lines denote the energies of
long-wavelength TO and LO phonons subjected to the bulk binary crystals and TMCs.

Table 1. Optical phonon energies, optical dielectric con-
stants, ion masses (M), and the lattice constants (a) for
binary materials. Energy is measured in meV, and the

lattice constants in nm.

materials hwro hwro € M /arb. units a
AlAs® 44.88 50.09 8.16 26.99 74.92 0.5660¢
GaAs? 33.29 36.25 10.89 69.72 74.92  0.56419°
ZnSeb 25.67 30.50 5.9 65.38 78.9 0.5668¢
Cdseb 21.52  26.56 6.1 112.4 78.9 0.5993
ZnSP 34.65 44.00 5.14 65.38 32.06 0.5410°¢

aRef. [26], PRef. [27], °Ref. [28].

Table 2. Optical phonon energies of TMCs measured in
meV.

material hw1r, hwq hwor, hwor
Alp.35Gagp.e5As 31.59 30.59 45.62 42.64
Zng.4Cdg.¢Se 19.01 18.55 28.61 24.12
ZnSp.45€0.6 24.44 23.24 38.82 33.62

the LO-TO mode pairs in TMCs, respectively, simi-
lar to those in bi-layer systems of TMCs.[?’! However,
the dispersion curves of the phonon—polaritons in QW
systems display quite different characteristics from the
later.

The six branches of interface phonon—polariton
modes are labeled by numbers 1-6 in Fig. 1, where

‘1’ and ‘2’ are respectively the branches of inter-
face modes with higher-frequency and lower-frequency
localised in the forbidden band for bulk phonon-—
polaritons between wro and wr,o of the binary mate-
rial. Branches ‘3-4’ and branches ‘5-6’ are embedded
in the two forbidden bands of bulk phonon—polariton
modes between war and woy, (higher TO-LO pair) and
between wir and wqy, (lower TO-LO pair) of the TMC,
respectively. The frequencies of the six branches of
interface phonon—polaritons tend to the three limit
values of interface-optical (I0) phonon modes, as the
wave-number is large enough, which can be calculated
from the following equation:

e1(w) +e2(w) =0, (13)
and the results labeled as wys, wag, and wsg are listed

in Table 3.

Table 3. Calculated interface optical phonon energies for
several QW systems consisting of ternary mixed crystals.
Energy is measured in meV.

material hwis hwas hwss
GaAs/Alg.35Gag.65As 34.80 30.93 44.24
Znp.4Cdo.6Se/ZnSe 29.71 24.72 18.80
ZnSo.45e0.6/ZnS 41.61 33.94 23.79

It is expected that the dispersive characteristics
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of interface phonon—polaritons depend strongly on the
relative values of the TO and LO phonon frequencies
in the binary crystal and TMC. The calculated sys-
tems can be divided into two types according to the
values of TO and LO phonons similar to those in the

bi-layer system case:29]

A: wiT < win < wro < WrLo < wor < War,,
B: wir < win < war < wro < war, < WLo-

The GaAs/Alys5GagesAs QW
Fig. 1(a) falls into case A. The mode curves start

system in

from the frequencies of bulk phonon—polaritons in
GaAs and Aly 35GagesAs at the small wave vector
k| and finally have a tendency to reach the I0-
phonon frequencies wig, was, and wsg at the large
wave vector. It is found that two branches of modes
(1 and 2) are localised in the forbidden band of bulk
phonon—polariton modes between the LO and the TO
frequencies of GaAs. The other two groups of inter-
face phonon—polariton modes: pair 3-4 and pair 5-6,
lie in the forbidden bands of AlAs-like (the upper,
wor—wor,) and GaAs-like (the lower, wir—wiy,) bulk
phonon—polariton modes of Aly 35Gag.g5As, respec-
tively, where the ratio of the dielectric function 5 (w)
to €1 (w) is negative.

On the other hand, the ZnSj4Seps/ZnS and
Zng 4Cdg ¢Se/ZnSe systems belong to case B. In this
case, the forbidden band (wro—wro) for phonon—
polariton modes of the binary crystal overlaps with
the upper forbidden band (war—wsr,) of the TMC, ac-
cording to the relation wor < wro < wor, < WLO-
As mentioned above, the interface phonon—polariton
waves exist only if the relation g2 (w)/e; (w) < 0
holds. Therefore there are no interface waves prop-
agating in the overlapping frequency region wro—wor,,
where the ratio of dielectric function g9 (w)/e1 (w) is
positive. At the same time, there are two branches
of phonon—polariton modes (modes 3 and 6) in the
ZnS/7ZnSg 4Sep.¢ and the ZnSe/Zngy 4Cdp gSe bi-layer
systems in the above-mentioned frequency interval.[3"!
The two groups of interface phonon—polariton modes,
i.e., branches ‘1-2’ and branches ‘3-4’, lie respectively
in the regions wor,—wr,o and war—wTo, except for the
mode pair ‘5-6’ situated in the lower forbidden band
(wir—w11,) of the TMC. Moreover, Figs. 1(b) and 1(c)
show that mode 1 is stopped by the dispersion curves
of bulk phonon-polaritons in TMC systems at the
small wave vector, and modes 3, 4, 5, and 6 lie in
the right of the dispersion curves of bulk phonon-
polaritons of the binary crystals, however, mode 2

commences from the LO frequency wor, of the TMC
system with a vanishing wave vector. The interface
modes finally converge and tend to the IO-phonon fre-
quencies wig, was, and wss when the wave vectors are
large enough.

It is also deduced that all six branches of interface
phonon—polariton modes may not be observed easily
due to the very different widths of forbidden bands of
TMC systems. The branches 1 and 2 are located in
the wider forbidden bands of bulk phonon—polaritons
of the binary crystals (3.0 meV for GaAs, 5.18 meV for
ZnS, and 1.89 meV for ZnSe), so that they can be sepa-
rated obviously from each other in frequency and eas-
ily observed for either GaAs/Alj 35Gag.g5As system
or ZnSg 4Sep.6/ZnS and Zng 4Cdg ¢Se/ZnSe systems.
As for the other four branches of interface modes,
the two forbidden bands of bulk TMC polaritons in
the GaAs/Aly 35Gag e5As system are both wider, so
that the interface modes in the bands may be ob-
served, and the ‘two-mode’ behaviour appears; but
the width of the lower forbidden band is only around
1.0 meV (GaAs-like), i.e. one third of the upper band
(around 3.0 meV for AlAs-like) for Alg 35Gag esAs.
As a result one can infer that mode pair ‘3-4’ in the
GaAs/Alg 35Gag g5 As system is expected to be easily
observed, but mode pair ‘5-6’ is difficult to observe.
‘3-4> and ‘5-6’
are respectively in the frequency intervals wop—

Otherwise, the mode pairs
wro and wir—wip for the ZnSp4Seps/ZnS and
Zng.4Cdg gSe/ZnSe systems. The widths of two in-
terface mode regions in the ZnSg 4Sep/ZnS system
are narrow (around 1.03 meV and 1.20 meV respec-
tively), and compel the frequencies of modes 3 and 4 as
well as 5 and 6 to lie close to each other. Thereupon,
on can guess that the four modes (pairs 3-4 and 5-6)
are difficult to observe experimentally, particularly for
mode pair ‘3-4’. As for the Zng 4Cdy ¢Se/ZnSe system,
Zng 4Cdg.gSe shows the typical ‘one-mode’ behaviour,
and the widths for the corresponding regions are cal-
culated to be 1.55 meV and 0.46 meV, respectively.
It follows that mode pair ‘3-4’ may be observable al-
though difficult, but the other pair ‘5-6’ in a very-
narrow band cannot be observed.

To understand the
phonon—polariton frequency on the structure of the

dependence of interface

QW system, we have also calculated the energies of
the interface modes each as a function of the half-
thickness d of the well in the above-mentioned QW
system, where the wave vector is chosen as k| =
80 x 10° em 13 for definition, and the results are
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shown in Fig. 2.

It is seen that the six branches of interface
phonon—polariton modes are clearly divided into three
groups: mode pairs ‘1-2’, ‘3-4” and ‘5-6’. The frequen-
cies of the higher-branches (modes 1, 3, and 5) in the
groups have their maxima, while the lower-branches
(modes 2, 4, and 6) reach their minima at d — 0. The
frequencies of two branches in a group draw to each
other with the increase of the well thickness, and fi-
nally tend to the IO-phonon frequencies (wis, wag, or
wss), the same as those in the single-interface sys-
tem between the corresponding semi-infinite binary
and TMC media, when the well-width is large enough.
It follows that the geometrical structures of QWs in-
fluence obviously the frequencies of interface phonon—
polariton modes.

For giving a pellucid explanation for the local-
ity of the interface mode, we have illustrated the
computed spatial distribution of the electric field
strengths, E(z), of six interface phonon—polariton
modes for the GaAs/Aly 35Gag g5 As, ZnSp 4Seq.¢/ZnS,
and Zng 4Cdg gSe/ZnSe QWs with the half-thicknesses
d = 10 nm and the wave vector k| = 20 x 10% cm— 1013l
in Fig. 3. As expected, modes 1, 4, and 6 are lo-
calised in the vicinity of the interface of z = 10 nm
between GaAs and Alg 35Gag g5 As, but the other three
modes (2, 3, and 5) are localised at another inter-
face of z = —10 nm, for the GaAs/Aly35Gagg5As
QW. The electric fields of interface phonon—polaritons
decay rapidly from the corresponding interfaces. A
similar situation arises for the ZnSg 4Sep/ZnS and
Zng.4Cdg ¢Se/ZnSe systems, where modes 2, 3, and 5
are localised in the interface of z = 10 nm, but modes

1, 4, and 6 in other interface (z = —10 nm).
To understand the composition effect of
TMCs, the energies of the interface phonon—

polariton modes each as a function of composi-
tion z for GaAs/Al,Ga;_,As, ZnS,;Se;_,/ZnS, and
Zn,Cd;_,Se/ZnSe systems have been numerically
computed and the results are plotted in Fig. 4. It is
apparent that the energies of the interface phonon—
polariton modes increase or decrease nonlinearly with
composition increasing. The one- and two-mode be-
haviours of TMCs are also displayed in the interface
phonon—polariton modes. The one-mode behaviour of
TMC Zn,Cd;_,Se can be comprehended from curves
5 and 6 for the Zn,Cd;_,Se/ZnSe QW system in
Fig. 4(c), where the energies of two branches of bulk
optical phonons in the TMC are very close to each
other, so that the mode pair cannot be observed. Cer-
tainly the two-mode behaviours are discovered for the
GaAs/Al,Ga;_,As and ZnS,Se;_,/ZnS separately.

4. Conclusion

We investigate theoretically the interface phonon—
polaritons in QW system consisting of polar TMCs
in the MREI model and the Born-Huang approxima-
tion. As examples, the numerical results for the dis-
persive curves and the electric fields of the interface
phonon—polaritons in several binary/ternary QW sys-
tems are given and discussed. It is found that there are
six branches of interface phonon—polaritons localised
in the vicinities of the interfaces, whose frequencies
are embedded in the forbidden bands for bulk polari-
ton frequencies of the layer materials. The observable
properties of the six branches of interface phonon—
polaritons are related to the widths of the forbidden
bands. The effects of the ‘two-mode’ and ‘one-mode’
behaviours of TMCs are also shown in the interface
phonon—polariton curves.
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