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This study reports the theoretical study of the influence composition dependence of the
surface phonon polariton (SPP) mode in wurtzite structure a-InxGal—xN ternary alloy
over the whole structure range. The effects of the alloy composition x on the location of
SPP mode are identified. An anisotropic model is used to simulate the surface polariton
(SP) dispersion curves of the In,Ga,_xN ternary alloys. The characteristics of these
dispersion curves are explained and the effects of the composition dependence of the
In,.Ga,_xN on the SPs are clarified. Moreover, The obtained results have been compared
with the calculated p-polarised IR attenuated total reflection (ATR) spectra produced by
standard matrix formulation.Through this study, it has been found that the SPP mode of
the wurtzite In,Ga;_xN shows one-mode behavior. Finally, the composition dependence of
the SPP mode with bowing parameter of -23.126 cm* is determined.
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1. Introduction

Currently the wide-gap GaN-based nitride semiconductors attract a great deal of attention
in research and development, because of their useful technological applications in light-emitting
diodes in the near-UV-blue-green spectral region [1], and their potentialities for use in the
hightemperature electronics [2] In recent years, many groups have focused their attention on the
In-rich nanostructures in InGaN epilayers [3-10]. the In.Ga,_xN ternary system is interesting
because it is the most important and indispensable material used for the active layer in blue and
green light emitting diodes and lasers.[11—13] Many researching works devoted to In,Ga;_xN has
been directed towards the understanding of its optical and electronic properties. In spite of huge
efforts, research on its fundamental surface properties (surface phonon polariton (SPP) mode) is
still has not received sufficient attention. Recently, SPP properties in ternary mixed crystals have
been widely investigated. [14—17] In this paper, theoretical studies on the SPP characteristics of
wurtzite structure In,Ga,—xN semiconductor are reported. The surface polariton (SP) dispersion
curves of wurtzite In,Ga;_xN semiconductors are simulated by an anisotropic model. The results
are compared with the calculated p-polarised IR attenuated total reflection (ATR) spectra
generated by standard matrix formulation. The influence of the alloy composition x on the SPP
mode of the a-In,Ga,;_xN (0 < x < 1) semiconductors is also investigated. This is crucial because
knowledge of the alloying effects on the SPP modes is essential for understanding the behaviour of
the photon—phonon coupling.
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2. Theory

Let us consider the SP dispersion relation of the anisotropic crystal. We assume that the
opticalc-axis of the crystal is parallel to the surface normal (caxis || z) and perpendicular to the
direction of propagation (caxis L x). Therefore, the theoretical SP dispersion curve at the interface
between wurtzite In,Ga,_xN semi-infinite crystal and vacuum can be expressed by [18]
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Where Kk, (®) is the wave vector of the SP along the x direction ; Ky(w) is the dimensionless
guantity; o is the angular frequency of the SP and c is the velocity of light in vacuum (3
x10%cm™). The symbols g(m) and & (0) denote the dielectric function parallel (ll) and
perpendicular (L) to the c-axis, respectively. In this work, the dielectric functions, g (L), for the
studied structures have been modelled based on a damped harmonic oscillator model. By
considering the anisotropy structure of the semi-infinite bulk crystal, the expression for g, is
given by [19]
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Here &, is the high-frequency dielectric constant, and ® ooy and y.o(ro) are, respectively, the LO
(TO) phonon frequency and the phonon damping. The dielectric functions in Eq.(2) are used to
describe the behaviour of the zone-centre phonon modes of binary semiconductors.Because the
behaviour of phonon modes of the ternary alloys is complicated and because they have been found
to exhibit either one-, two- or mixed-mode behaviour, Eq.(2)is not suitable for the case In.Ga,;_xN
(0<x<1). Nevertheless, the dielectric constant for a ternaryalloy A,B;_.C as a function of alloy
composition x can be simplified as [20]:

€(AB1 0 . = xe(AC) | + (1-X)e(BC); ., (3)

Where e(AC)y) and &(BC), are, respectively, the dielectric constants parallel (perpendicular) to
the c-axis for AC and BC binary compounds. The corresponding ATR spectra for the studied
structure have been calculated. The simulation of p-polarised IR ATR follows the Otto
configuration [21] In contrast to that of the SP dispersion curves, there are three layers to consider:
the prism, the vacuum and the In,Ga;_xN layers. The

calculation of the ATR spectrum is based on the standard matrix formulation, as described
by Dumelow et al.[19].

In this work, the parameters used to calculate the SP dispersion curves and the ATR
spectra for the In,Ga,_xN (0<x<l1) ternary alloys are obtained from Refs. [22-25] and listed in
Table 1. For the SP dispersion curves, the phonon lifetime was set as infinite (damping =0) to
reveal all the SP branches. For the ATR spectra, all of the damping parameters were set at 5. Note
that larger damping values may cause some dips to disappear due to the broadening effects.



Table 1: Parameters used to calculate ¢(In,Ga,_N); 1, surface polariton dispersion curves

and p-polarised IR ATR spectra of wurtzite In,Ga,;_.N (0<x<I) semiconductor.

491

Binary 70| OLo|| Ex) 70,1 10,1 €L
compound | (cm™) (cm™) (cm™) (cm™)

GaN 532° 734 5.31° 559 741° 5.14°
INN 447° 586° 8.10° 476° 593° 8.34°

*Taken from Davydov et al.[24].
*Taken from Yu et al.[25].
‘Taken from Davydov et al.[22].
“Taken from Abbar et al.[23].

3. Results and discussion

Fig 1 shows the theoretical SP dispersion curves (right -hand-side) with p-polarised IR ATR
spectra (left right-hand-side) for In,Ga,;_,N with In composition x =0, 0.3, 0.5, 0.7,0.9 and 1. Also
shown in the theoretical SP dispersion curves are the light wave in vacuum (Kyo(m)=w/c) and the
light wave in ATR prism (Ki(o)=kyac(®) n,siné where n, is the refractive index of the ATR prism,
and @ is the internal angle of incidence in the prism). Note that the ky(w) lines in that figures were
calculated using the values of n,= 2.4 and 0 =45°, that is, according to the common specifications
for an ATR diamond prism [13]. The choice of this ATR prism depended on its transmission
spectral range where the SPP mode should occur. Let us first examine the p-polarised IR ATR
spectra. In general, the observed dip(s) is (are) the result of the resonance at a frequency where the
wave vectors of the incident radiation and the surface polaritons SPs are matched. In other words,
the observed dip(s) actually correspond to the crossing of the SP dispersion curves with the light
waves in the ATR prism , kj(®), which will be discussed later.
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Fig. 1. Surface polariton theoretical dispersion curves (right-hand-side) with p-polarised IR ATR
spectra (left-hand-side) for wurtzite for wurtzite In,Ga;_.N semiconductor with x=0,0.3,0.5, 0.7,
0.9 and 1. The light wave in vacuum and the light wave in attenuated total reflection crystal
are indicated by ky.(w) and ky(w), respectively.

From Fig. 1, it can be seen that there is an absorption dip for the binary compounds of
GaN (x=0) and InN (x=1). However, only the absorption dip that falls on the lower frequency is of
special interest, as it corresponds to the SPP mode or the real surface mode[26,27] This
correspondence is because its frequency is located both in the spectral range between the SPP
modes of GaN and InN (i.e.,SPPn<SPP,can<SPPgan) and in the dispersion curves where the SP
branch persists as ky(®) approaches infinity.

To make sure the dips were a surface mode, p-polarised IR ATR spectra are compared
with the SP dispersion curve. The SP dispersion curves of the In,Ga;_«N in Fig. 1 are the solutions
for Eq. (2).

By For ternary alloy In,Ga,_xN (0 < x <1) samples, the number of intersecting points
varies with the In composition. However, only the middle crossing point of the dispersion curves
of In,Ga,_xN (0 < x < 1) is of special interest, as it corresponds to the SPP mode or the real surface
mode.[28] This is because its frequency located both in spectral range between the SPP modes of
InN and GaN (i.e., SPP InN < SPP InGaN < SPP GaN), and in the dispersion curves where the SP
branch persist as k. (o) approaches infinity. Note that the other intersecting points are known as
virtual surface mode [28] or pseudo SPP mode. [29] From the experimental point of view, these
pseudo SPP modes are quite difficult to be observed because its spectral strength is weak as
compared to that of the real surface mode.[17]

The positions labelled are the intersections of the SP dispersion curve with the k; lines and
correspond to the SPP mode. From Fig. 1, it is found that the positions of the intersection points
of the k; line and the SP dispersion curve do not well agree with the theoretical ATR spectra. This
is mainly because the calculation of the SP dispersion curves does not account for the coupling
effect of the ATR prism and the finite thickness of the air gap.

The frequency of the SPP mode of the In.Ga;_xN as a function of in composition x is
plotted over the entire composition ranges (0 < x < 1) and is shown in Fig. 2. As the In
composition x increases, it is found that the frequency of the SPP mode gradually decreases from
that of InN (x = 0) to GaN (x = 1). These results indicate that the SPP mode of In,Ga;«N is
strongly dependent on the In composition x, and the behaviour of the SPP mode can be classified
as one-mode behaviour.
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Fig. 2. Surface phonon polariton (SPP) mode of the In.Ga;_.N (0 < x < 1) semiconductors
as a function of In composition. The solid line represents the best fit of the nonlinear
interpolation of the data.

From the best fit of the nonlinear interpolation of these data, the composition dependence
of the SPP mode (in cm™) of the a- In,Ga, .N semiconductors over the entire composition range

(0 <x <1) can be expressed as:
SPP In,Ga; <N (x) = -23.126x* - 103.5x + 700.99 4)

From Eg. (4), it can be found that the SPP mode of the a- In,Ga,_«N exhibits the bowing factor
for the theoretical of -23.126cm ™. The negative sign indicates that the SPP modes of the alloy are
larger than the linear interpolation result.

4. Conclusions

Theoretical SP dispersion curves and p-polarised IR ATR spectra for wurtzite structure
In,Ga,xN (0<x<1) alloys have been simulated using an anisotropic model. From the best fit of the
nonlinear interpolation, the composition dependence of the SPP mode with an upward bowing
parameter is theoretically obtained. The results revealed that the surface mode of the In,Ga;_xN
alloys is strongly dependent on the In composition and its behaviour can be classified one-mode
behaviour.

Acknowledgments

The authors would like to acknowledge Nano-Optoelectronics Research and Technology
Laboratory, School of Physics and Universiti Sains Malaysia for financial support.

References

[1] A. Dadgar, J. Christen, T. Riemann, S. Richter, J. Blassing, A. Diez, A. Krost, A. Alam,
M. Heuken, Appl. Phys. Lett. 78, 2211 (2001).

[2] O. Aktas, Z.F. Fan, S.N. Mohammad, A.E. Botchkarev, H. Morkoc, Appl. Phys. Lett.
69, 3872 (1996).

[3] M. D. McCluskey, L. T. Romano, B. S. Krusor, D. P. Bour, N. M. Johnson, S. Brennan,
Appl. Phys. Lett.72, 1730 (1998).

[4] K. P. O’Donnell, R. W. Martin, and P. G. Middleton, Phys. Rev. Lett. 82, 237 (1999).



495

[5] R. W. Martin, P. G. Middleton, K. P. O’Donnell, and W. Van Der Stricht, Appl. Phys.
Lett. 74, 263 (1999).
[6] L. Nistor, H. Bender, A. Vantomme, M. F. Wu, J. Van. Landuyt, K. P. O’Donnell,
R. Martin, K. Jacobs, and I. Moerman, Appl. Phys. Lett. 77, 507 (2000).
[7]1 S. Chichibu, T. Azuhata, T. Sota, and S. Nakamura, Appl. Phys. Lett. 69, 4188(1996).
[8] S. Chichibu, T. Azuhata, T. Sota, and S. Nakamura, Appl. Phys. Lett.
70, 2822 (1997).
[9] S. F. Chichibu, K. Wada, and S. Nakamura, Appl. Phys. Lett. 71, 2346 (1997).
[10] S. F. Chichibu, K. Wada, J. Mu " llha " user, O. Brabdt, K. H. Ploog, T. Mizutani,
A. Setoguchi, R. Nakai, M. Sugiyama, H. Nakanishi, K. Korii, T. Deguchi, T. Sota,
S. Nakamura, Appl. Phys. Lett.76, 1671 (2000).
[11] S Nakamura, M Senoh, S Nagahama, N lwasa, T Yamada, T Matsushita, Y Sugimoto,
H Kiyoku Appl. Phys. Lett. 70, 1417 (1997).
[12] S Nakamura J. Vac. Sci. Technol. A 13, 705 (1995)
[13] K Itaya, M Onomura, J Nishio, L Sugiura, S Saito, M Suzuki, J Rennie, S Y Nunoue,
M Yamamoto, H Fujimoto, Y Kokubun, Y Ohba, G | Hatakoshi, M Ishikawa, Jpn. J. Appl.
Phys. 35, L1315 (1996).
[14] S S Ng, Z Hassan, H Abu Hassan Appl. Phys. Lett. 91, 081909 (2007).
[15] J Bao, X X Liang J. Phys.: Condens. Matter. 18, 8229 (2006).
[16] M D He, L L Wang, W Q Huang, X J Wang, B S Zou Phys. Lett. A 360, 638 (2006).
[17] S.S. Ng, Z. Hassan, H. Abu Hassan, Chin. Phys. Lett. 25, 4378 (2008).
[18] D.N. Mirlin, in: V.M. Agranovich, D.L. Mills (Eds.), Surface Polaritons: Electromagnetic
Waves at Surfaces and Interfaces, Amsterdam, New York, Oxford, 1982, p. 5.
[19] T. Dumelow, T.J. Parker, S.R.P. Smith, D.R. Tilley, Surf. Sci. Rep. 17, 151 (1993).
[20] S. Adachi, Optical Properties of Crystalline and Amorphous Semiconductors: Materials and
Fundamental Principles, Kluwer Academic Publisher, Boston, 1998 p. 38.
[21] A. Otto, Z. Phys. 216, 398 (1968).
[22] V Y Davydov, V V Emtsev, | N Goncharuk, A N Smirnov, V D Petrikov, V V Mamutin,
V A Vekshin, SV lvanov, M B Smirnov, T Inushima Appl. Phys. Lett. 75, 3297 (1999).
[23] B Abbar, B Bouhafs, H Aourag, G Nouet, Ruterana Phys. Status Solidi B 228, 457 (2001).
[24] V Y Davydov, Y E Kitaev, | N Goncharuk, A N Smirnov, J Graul, O Semchinova,
D Uffmann, M B Smirnov, A P Mirgorodsky, R A Evarestov Phys. Rev. B 58, 12899 (1998).
[25] G Yu, N L Rowell, D J Lockwood J. Vac. Sci. Technol. A 22, 1110 (2004).
[26] S.S. Ng, Z. Hassan, H. Abu Hassan, Solid State Commun. 145, 535 (2008).
[27] S.S. Ng, Z. Hassan, H. Abu Hassan, Surf. Rev. Lett. 16, 355 (2009).
[28] T Dumelow, A A Hamilton, T J Parker, D R Tilley, C T B Foxon, D Hilton, K J Moore, Int. J.
Infrared Millimeter Waves 11, 901 (1990).
[29] G Borstel, H J Falge Appl. Phys. 16, 211 (1978)



