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Abstract—III-nitride quaternary InxAlyGa1-x-yN alloys have 

experienced considerable interest as potential materials for 
optoelectronic applications. Despite these interesting applications 
and the extensive efforts to understand their fundamental properties, 
research on its fundamental surface property, i.e., surface phonon 
polariton (SPP) has not yet been reported. In fact, the SPP properties 
have been shown to provide application for some photonic devices. 
Hence, there is an absolute need for thorough studies on the SPP 
properties of this material. In this work, theoretical study on the SPP 
modes in InAlGaN quaternary alloys are reported. Attention is focus 
on the wurtzite (α-) structure InxAlyGa1-x-yN semi-crystal with 
different In composition, x ranging from 0 to 0.10 and constant Al 
composition, y = 0.06. The SPP modes are obtained through the 
theoretical simulation by means of anisotropy model. The 
characteristics of SP dispersion curves are discussed. Accessible 
results in terms of the experimental point of view are also given. 
Finally, the results revealed that the SPP mode of α-InxAlyGa1-x-yN 
semiconductors exhibits two-mode behavior.  
 

Keywords—III-nitride semiconductor, attenuated total reflection, 
quaternary alloy, surface phonon polariton. 

I. INTRODUCTION 
ECENTLY group-III nitride quaternary InAlGaN alloys 
have been found to be promising materials to overcome 

some shortfall of GaN epilayers, InGaN and AlGaN alloys 
[1]. This is because it allows the independent control of lattice 
constant and energy band gap. For example, by varying 
indium (In) and aluminum (Al) compositions x and y in 
InxAlyGa1-x-yN, one can change the energy band gap while 
GaN-based lattice matched structures can be obtained [2]. In 
addition, it also has the potential to provide a better thermal 
match to GaN, which could be an important advantage in 
epitaxial growth and hence, giving much greater flexibility in 
the design of devices. In terms of devices applications, the 
InAlGaN can produce improved lattice matching to the 
cladding layer and better ultra-violet emission efficiency [3]. 
The emission efficiency of the quaternary alloys is about three 
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times higher than the AlGaN ternary alloys with a comparable 
Al composition [1]. Besides that it offer a similar effect to that 
obtained in InGaN quantum wells [4]-[5]. 

Although some progress has been achieved in the 
fabrication of InAlGaN-based devices, many basic physical 
properties still remain unclear or unexplored. For instance, 
knowledge on the surface phonon polariton (SPP) mode, 
which is crucial for understanding the behavior of the 
coupling effect between the photon and surface phonon, has 
not yet been reported.  

At present, the SPP properties of III-nitride binary and 
ternary semiconductors have been widely investigated [6]-
[15]. Additionally, the SPP has been shown to provide 
application for some photonic devices [16]-[18]. 
Consequently, from both the fundamental physics point-of-
view and the potential application of the nitride 
semiconductors, there is an absolute need for thorough study 
on the SPP properties.  

In order to contribute to the understanding of the 
fundamental properties of this advanced material as well as 
the advancement of knowledge in the condensed matter, the 
SPP in the InAlGaN quaternary semiconductors are 
investigated. Attention is focused on the gallium-rich 
InAlGaN quaternary alloys because these alloys are lattice 
matched to GaN and have potential usage as GaN-based 
optoelectronic devices [3]. 

In this work, the SPP behaviors in wurtzite (α-) structure 
InxAlyGa1-x-yN semi-crystal with different In composition, x 
ranging from 0 to 0.10 and constant Al composition, y = 0.06 
are investigated theoretically. The surface polariton (SP) 
dispersion relations are simulated based on an anisotropy 
model.  

II. THEORY 
A SPP is resulting from the coupling of transverse magnetic 

(TM) infrared (IR) photon with a transverse-optic (TO) 
phonon. The frequency of this mode occurs in spectral regions 
where the sample’s dielectric function is negative, which is 
between the TO and the longitudinal-optic (LO) phonon 
frequencies (TO < SPP < LO). Note that the coupling effects 
do not concern LO phonons because the LO phonons do not 
couple to TM photons.  

In general, the SPP is a TM vibration mode which will 
travel along a direction perpendicular to the surface normal, as 
shown in Fig. 1(a). However, its amplitude is attenuated from 
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surface to bulk. Another unique feature of the SPP mode is 
that it can propagate through the forbidden band (interval 
between the TO and LO frequencies). This interval is often 
called the surface-mode window [19].  

It is known that III-nitrides binary and ternary crystallize 
preferentially in hexagonal wurtzite (α-) structure. The cubic 
zinc-blende (β-) structure is a metastable one and observed 
only for heteroepitaxial layers on a cubic substrate (001)-
oriented. Like its parents, InAlGaN also crystallizes in two 
polytypes, namely, hexagonal and cubic. However, the stable 
structure of InAlGaN is also hexagonal wurtzite structure. For 
this reason, the attention is focused on the α-InAlGaN and an 
anisotropy model is used to simulate its SP dispersion 
relations.  

Let consider the SP dispersion relation based on the 
anisotropy model. Assume that the optic axis c of the α-
InAlGaN crystal is parallel to the surface normal (caxis || z) and 
perpendicular to the propagation direction of the SP (caxis ⊥ x), 
as shown in Fig. 1(a). 

 

 
Fig. 1 (a) Geometry of the sample’s orientation and coordinate 

system used and (b) schematic diagram of the ATR experiment setup 
 
For optic axis c of the crystal parallel to the surface normal 

(caxis || z) and perpendicular to the propagation direction, the 
anisotropy model of the SP dispersion curves at the interface 
of α-InAlGaN semi-infinite crystal and vacuum is given by 
[20]: 
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Here kx(w) is the wave vector of the SP along the x direction 
and K(w) is the dimensionless quantity; w and c are, 
respectively, the angular frequency of the SP and the velocity 
of light in vacuum (3×108 m s-1). The ε||(⊥)(w) is the dielectric 
function parallel (perpendicular) to the c-axis and is given by: 
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where ε∞, ||(⊥) is the high-frequency dielectric constant parallel 
(perpendicular) to the c-axis. wLO||(⊥) and wTO||(⊥) are, 
respectively, the LO||(⊥) and TO||(⊥) zone centre phonons 
frequencies. The subscript ||(⊥) refers to the parallel 
(perpendicular) vibration mode with respect to the optical axis 
c. 

It should be pointed out that (2) is applied for binary 
system. For ternary alloy with the form of AxB1-xC, the 
expression for the ε||(⊥)(w) is more complicated. The ε||(⊥)(w)  
as a function of alloy composition x is given by [21]: 
 

( ) ( ) ( ) ( ) ⊥⊥⊥− −+=  ||, ||, ||,1 BC1ACCBA εεε xxxx , (3) 

 
where ε(AC)||(⊥) and ε(BC)||(⊥) are, respectively, the dielectric 
constants parallel and perpendicular for AC and BC binary 
compounds. 

The situation is even more complicated for the case of 
quaternary alloy. In a quaternary alloy of the AxByCzD type, 
the quaternary alloy parameter Q(x, y, z) is interpolated from 
the ternary parameters [22]. Analogously, the ε||(⊥)(w) for the 
InxAlyGa1-x-yN quaternary alloy can be interpolated from the 
dielectric functions of ternary alloys, i.e., AlGaN, GaInN, and 
InAlN. Subsequently, the ε||(⊥)(w) for the InxAlyGa1-x-yN as a 
function of alloys composition x, y, and z, can be written as: 
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where yxz −−= 1 , 
2
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 In this work, the SP dispersion curves for the α-InxAlyGa1-x-

yN semi-crystal with different In composition, x ranging from 
0 to 0.10 and constant Al composition, y = 0.06 are simulated 
by using (1) to (4). The parameters used to model the SP 
dispersion curves are obtained from [23]-[28] and listed in 
Table I. 

III. RESULTS AND DISCUSSION 
Fig. 2 shows the theoretical SP dispersion curves for α-

InxAlyGa1-x-yN semi-crystal with constant Al composition, y = 
0.06, In composition, x = 0.02, 0.04, 0.06, 0.08, and 0.10. The 
light wave in vacuum ( ( ) cww =vack ) and the light waves 
[kp(w)] in the attenuated total reflection (ATR) prism (will be 
discussed in detail later) are also shown in Fig. 2. 

Conventionally, the SP dispersion curve is separated by the 
kvac(w) line into two regions. However, only the region lies to 
the right of the kvac(w) line is of great interest in this 
framework, because this region is a consequence of the TM IR 
photons and TO phonons coupling. In addition, this region is 
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inaccessible by common IR reflectance or transmittance 
methods. Nonetheless, it is easily accessible by ATR method 
[29]. 

From Fig. 2, it can be found that the SP dispersion curves 
of the α-InxAlyGa1-x-yN have similar pattern to that of the α-
InxGa1-xN [10] and of the α-AlxGa1-xN [13]. Namely, each SP 
dispersion curve can be divided into three branches, the upper 
(A), the middle (B), and the lower (C) branches. Among these 
branches, the middle branch B is of special interest, as it has 
the highest spectral strength (with larger k value). However, it 
should be pointed out here that the branch A in the SP 
dispersion curves of x = 0.05 and 0.10, as well as the branch 
C in the SP dispersion curve of x = 0.07 have higher spectral 
strength as compared to branch B. The reason for this 
phenomenon is still unclear at present. Future study needs to 
be done to understand this. 
 

 
Fig. 2 Surface-polariton (SP) theoretical dispersion curves for 

wurtzite (α-) structure InxAlyGa1-x-yN semi-crystal with different In 
composition, x ranging from 0 to 0.10 and constant Al composition, y 
= 0.06. The vacuum light wave and the light wave in ATR crystal are 
indicated by dash line (---) and dash-dot-dot line (−⋅⋅−), respectively. 
The intersections of the ATR crystal line and the branches of the SP 
dispersion curve correspond to the surface phonon polariton modes 

 

Let consider the light wave [kp(w)] or the evanescent wave 
in the ATR prism and the relevant experimental information 
by ATR method. The wave vector kp(w) is given by [20]: 

 
( ) ( ) θsinvac pp nww kk = , (5) 

 
where np is the refractive index of the ATR prism, and θ is the 
internal angle of incidence in the prism. The kp(w) is 
generated behind the base plane of the prism when the angle 
of the incident radiation exceeds the critical angle (θc) of 
prism. Coupling between the kp(w) and the sample resulted the 
kx(w) in which its propagation mode is in the x direction as 
shown in Fig. 1(a). When the wave vectors of the incident 
radiation and the SP are matched a resonance occurs. The 
frequency of this resonance is corresponds to the SPP mode. 
In principle, this mode is corresponds to the intersection of the 
SP dispersion curves with the kp(w) line. 

It is worth to mention that the Fig. 2, the kp(w) lines are 
calculated using (5) with the values of np = 4.0 and θ = 45°, 
i.e., according to the common specifications for an ATR 
germanium prism [30]. The choice of this ATR prism depends 
upon its transmission spectral range where the SPP mode 
should occur. The typical experimental setup for the study of 
the SPP is shown in Fig. 1(b). For this experiment, incident 
radiation with TM polarization should be used as well in order 
to observe the SPP mode because it is a TM mode. 

In Fig. 2, the intersection of the SP dispersion curves with 
the kp(w) line is associated to the SPP mode of the InxAlyGa1-x-

yN. From Fig. 1, it is clearly seen that the number of 
intersecting points varies with the In composition. However, 
only the crossing points located on the branches B (CPsMB) 
and C (CPsLB) are considered as the SPP modes of the 
InxAlyGa1-x-yN, i.e., based on the following criterions. It should 
be noted here that the SPP properties and behavior in the 
quaternary alloys have not yet been reported. 

Basically, the SPP mode can be identified based on two 
criterions. Firstly, the SPP mode of the InxAlyGa1-x-yN (0 < x ≤ 
0.10) should be located at the frequency less than 725 cm-1, 
i.e., the SPP mode for the InxAlyGa1-x-yN with x = 0. In fact, 
the incorporation of the In will shift the optical phonon modes 
[31] as well as the SPP mode [9] of the ternary compound 
toward the lower frequencies side. Consequently, it is 
supposed that the SPP mode for the InxAlyGa1-x-yN (0 < x ≤ 
0.10) should be lower than that of the InxAlyGa1-x-yN with x = 

TABLE I 
PARAMETERS USED IN MODELING THE SURFACE POLARITON DISPERSION CURVES FOR WURTZITE (α-) STRUCTURE InxAlyGa1-x-yN SEMI-

CRYSTAL WITH DIFFERENT In COMPOSITION, x RANGING FROM 0 TO 0.10 AND CONSTANT Al COMPOSITION, y = 0.06. 

III-nitride wTO || 

(cm-1) 
wLO ||  

(cm-1) ε∞, || 
wTO⊥ 

(cm-1) 
wLO⊥  
(cm-1) ε∞, ⊥ 

InN 447a 586a 8.10b 476a 593a 8.34b 
GaN 532c 734c 5.31d 559c 741c 5.14d 
AlN 610e 891e 4.72f 670e 912e 4.53f 

aTaken from Davydov et al. [23].             dTaken from Yu et al. [26]. 
bTaken from Abbar et al. [24].              eTaken from Haboek et al. [27]. 
cTaken from Davydov et al.[25].             fTaken from Persson et al. [28]. 
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0. Lastly, the SPP mode of the InxAlyGa1-x-yN (0 < x ≤ 0.10) 
should be shown In composition dependence. The variation 
magnitude of the SPP mode with In composition, however, is 
depends on a parameter known as bowing parameter. Based 
on these two criterions, it is suggests that both the CPsMB and 
the CPsLB can be considered as the SPP modes of the 
InxAlyGa1-x-yN. Nevertheless, further investigation is needed to 
verify this result.  

Fig. 3 shows the In composition dependence of the SPP 
modes for the InxAlyGa1-x-yN quaternary alloys. It is clearly 
seen that the frequency of the SPP modes gradually decreases 
as the x increases. However, it is found that the SPP mode 
located at branch B (SPPB) is more In composition 
dependence (decreases faster) as compared to the SPP mode 
located at branch C (SPPC). From Fig. 3, one can conclude 
that the behavior of the SPP mode in the InxAlyGa1-x-yN 
quaternary alloys can be classified as two-mode behavior. 
 

 
Fig. 3 Surface phonon polariton (SPP) modes as a function of In 
composition for the wurtzite (α-) structure InxAlyGa1-x-yN semi-

crystal with different In composition, x ranging from 0 to 0.10 and 
constant Al composition, y = 0.06. The open and full circles 

correspond to the SPP modes located on the branches B (SPPB) and C 
(SPPC), respectively. The dashed lines represent the best fit of the 

nonlinear interpolation of the data. Note that the SPP theoretical data 
for x = 0.01, 0.03, 0.05, 0.07, and 0.09 are also included. 

IV. CONCLUSION 
In conclusion, the SPP mode of α-InxAlyGa1-x-yN semi-

crystal with different In composition, x ranging from 0 to 0.10 
and constant Al composition, y = 0.06 has been investigated 
theoretically be means of anisotropy model. The relevant 
experimental information by ATR method has also been 
discussed. The results showed that the SPP mode of α- 
InxAlyGa1-x-yN exhibits two-mode behaviors. Further work is 
on progress to fully clarify this result. 
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