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ABSTRACT 

In this work, we report on the effects of incidence angles on the IR optical phonon 

modes of GaN thin films grown on 6H-SiC substrate. Room temperature polarized IR 

reflectance measurements were carried out using Fourier transform infrared (FTIR) 

spectroscopy at various incidence angles, namely, from 15° - 75°. The reflection spectra are 

compared to the calculated spectra generated with a damped single harmonic oscillator 

model. Good agreement between the measured and calculated spectra has been obtained. 

Through this model fit, complete sets of reststrahlen parameters unambiguously assigned to 

GaN thin films and 6H-SiC substrate were obtained. It was found that the changes of the 

reststrahlen bands shape as a function of the incidence angle is more significant for the p

polarized spectra than the s-polarized spectra. As the angle of incidence was increased, the s

polarized spectra retain their overall shape; while the p-polarized spectra become distorted 

especially near to the LO phonon modes of the GaN thin films where the reststrahlen band 

shapes are distorted and a new feature was slowly formed, the LO phonon modes of the GaN 



thin films however remain unchanged. Overall, we have found that the optical phonon modes 

are independent of the angle of the incidence beam. 

Keywords: Gallium nitride; Fourier transform infrared spectroscopy; polarized infrared 

reflectance; reststrahlen band; Optical phonon modes; 

I. INTRODUCTION 

During the past few years, much attention have been paid to group-III nitride 

semiconductors especially gallium nitride (GaN) and its related compounds. This is because 

these materials are very promising particularly for optoelectronic applications operating in 

the blue and ultra-violet (UV) spectral range [1-3]. As a result, extensive research both in 

academic and in technological development has been carried out. 

To date, a number of studies on the optical properties of the GaN in the IR region 

have been carried out by measuring the reflectivity of the thin films for IR radiation at normal 

or oblique incidence [4-16]. Additionally, more informative investigations on the GaN have 

also been conducted by means of polarized IR reflectance technique [17-24]. In spite of huge 

efforts, little is known about the effects of incidence angles on the optical phonon modes of 

GaN thin films. Knowledge of the effects of the incidence angles on the optical phonon 

modes is crucial for understanding the behaviour of the photon-phonon coupling and hence 

crucial for the designing of the optoelectronic devices. 

Note that similar measurements have been conducted by Yu et al. [24]. They have 

reported the polarized IR reflection of GaN epilayer grown on sapphire substrate at three 

incidence angles (18°, 45°, and 75°). Their studies were mainly focused on the model fit and 

more attention has been paid to the sapphire. In addition, the changes in the GaN reststrahlen 
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band as a function ofthe incidence angles are not clear as compared to our results. This is due 

to the GaN reststrahlen band was superimposed on the reststrahlen band of the sapphire 

substrate. Apart from that, several authors have reported variable angles infrared ellipsometry 

(IRE) studies on GaN [25-28]. However, the interpretations of the IRE data are different as 

compared to the conventional polarized IR reflectance data. For IRE, the measurements need 

to be carried out at various incidence angles in order to obtain ellipsometric angles \If and 

differential phase change ~. With these sets of parameters, thickness as well as refractive 

index of the film, then the spectrum of \If can be simulated from the numerical calculation. 

Subsequently, the optical parameters of the films can be obtained from the best fit of the 

experimental and theoretical spectrum. Hence, the IRE does not measure the film directly and 

it is a complicated method to investigate the interactions between the IR and phonons. The 

polarized IR reflectance measurements are more direct, i.e. a set of reststrahlen parameters 

can be obtained from a single IR measurement. In addition, polarized IR measurements at 

various angles of incidence may provide various sets of lattice dynamics information. For this 

reason, the interpretations from IRE results will not be concerned in this paper. 

In this paper, we report on the IR reflectance study of GaN thin films grown on 6H

SiC substrate measured with s- and p-polarization at different incidence angles. Through this 

study, the effects of incidence angles on the reststrahlen bands shapes and the optical phonon 

modes of the GaN/6H-SiC were investigated. However, more attention will focus on the GaN 

thin films. 

II. EXPERIMENTAL 

In this work, the GaN epilayer sample with wurtzite structure was unintentionally 

doped n-type and was grown on 6H-SiC substrate. The carrier concentration of the GaN thin 
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film is about 3x 1 017 cm-3
• The GaN epilayer was grown with the crystallographic c axis 

along the growth direction and the thickness was ~ 0.33 )-tm. More details about the structural 

properties of this sample can be found elsewhere [29]. 

IR measurements were carried out by using a Fourier transform infrared (FTIR) 

spectrometer (Spectrum OX FT-IR, Perkin-Elmer) with a KBr beam splitter and a mid IR 

triglycine sulfate (TGS) detector. A wire grid zinc selenide (ZnSe) IR polarizer was used to 

obtain s- and p-polarization spectra, where the electric field vector (E) is perpendicular 

(E 1. c ) and parallel (E II c) to the crystal axis respectively. All measurements were taken in 

the reflection mode at room temperature at a resolution of I cm- I and the number of scans 

was 64. A Perkin-Elmer variable angle reflectance accessory (V ASR) was used to measure 

the reflectance spectra at various incidence angles, namely, 15°, 30°, 45°, 60°, and 75°. An 

aluminium-coating mirror was employed as reference standards. The schematic diagram of 

the GaN/6H-SiC cross-section and the beam geometry of the polarization measurements is 

shown in Fig. 1. 

III. THEORETICAL MODEL 

Since, the OaN thin films used in this work have wurtzite structure with z oriented 

along the growth direction, c axis; hence, two sets of phonon parameters are required to 

describe the dielectric function, i.e. E:xx = E:yy == E: 1. and E:zz == E:II in the modes of E 1. c and 

Ell c to the crystal axis respectively [18]. For this reason, all measurements in this work 

were performed in the s- and p-polarization. 

The Fresnel equations for the oblique incidence polarized IR reflectivity (R) are given 

by [18]: 
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[ 
( . 2 )1/2]2 R = cosB- 8 xx -SIn B , 

1. ( )1/2 
cosB+ 8

XX 
-sin 2 B 

(1) 

(2) 

where B is the angle of incidence. From these equations, it can be seen that in s-polarization 

(E .1 c) only Exx is sampled; whereas in p-polarization (E II c) both Exx and Ezz are sampled, 

the relative proportions of the Exx and Ezz being determined by the angle of incidence B. Since 

the Exx and Ezz are characterized by the TO~ and LOll [30] respectively, hence, the reflectance 

spectra for E .1 c and Ell c are described by these optical phonon modes too. Consequently, 

only the TO~ feature will appear in E .1 c spectrum, while both the TO~ and LOll features 

will turn up in Ell c spectrum. 

In this work, we have modelled the dielectric function 8 (81. and &1.) for both the 

thin film and the substrate based on a damped single harmonic oscillator model [30]: 

(3) 

(4) 
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The subscript .1 and II represents the modes of E .1 c and Ell c respectively. The Goo is the 

high frequency dielectric constant. Wroj, 8;. and YJ are, respectively, the transverse optical-

phonon frequency, the phonon oscillator strength and the phonon damping of the /h 

oscillator. The S is given by 

(5) 

In general, it represents the splitting of the transverse and longitudinal optical-phonon 

frequency (wroand ww) and hence described the width of the reststrahlen band. 

In this work, the theoretical reflection spectra are generated by using Equations. (1) -

(4). The values Goo of both the GaN epilayer and the 6H-SiC substrate are obtained from Yu 

et al. [24] and Spitzer et al. [31] respectively. Through this model fit, a complete set of 

Brillouin zone (BZ) centre reststrahlen parameters unambiguously assigned to GaN thin films 

and 6H-SiC substrate can be obtained. 

IV. RESULTS AND DISCUSSION 

In general, the GaN reststrahlen region lies between 550 and 750 cm-! whereas the 

6H-SiC reststrahlen region lies between 750 and 1000 cm-!. Consequently, both reststrahlen 

bands are well separated and the absorption due to the TO and the LO optical phonon modes 

both from the GaN thin films and from the 6H-SiC substrate can clearly be seen. 

Fig. 2 shows the room temperature reflectance spectra of the GaN epilayer grown on 

6H-SiC substrate measured with s- and p-polarization at various incidence angles. Overall, 

both sets of polarized spectra are similar, namely dominated by two high reflectivity features, 
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except that there are two pronounced dips in the p-polarized spectra. The two high reflectivity 

features centred at ~560 cm· I and ~800 cm· I correspond to the TO phonon modes of the GaN 

epiJayer and 6H-SiC substrate respectively. Whereas, the two dips at ~732 cm- I and ~974 cm-

1 correspond to the LO phonon modes of the GaN epilayer and 6H-SiC substrate respectively; 

the presence of these dips can be attributed to the Berreman effects [32]. The feature centred 

at ~630 cm- I in both spectra arises from the noise generated by aluminium coating mirror, 

which has been used during acquisition of the reference or background spectrum. 

We consider now the effects of incidence angles on the reststrahlen bands and the 

optical phonon modes of the GaN/6H-SiC. For simplicity, we will describe the behaviour of 

the sample in each region separately. However, more attention will focus on the GaN thin 

films. 

(a) GaN thin films 

As mentioned previously, the reflection spectra are compared to the calculated spectra 

generated by using Equations (1) - (4). From Fig. 2, it can be seen that the fitting of 

theoretical spectra to the experimental spectra measured with s- and p-polarization at various 

incidence angles are good in each case. The parameters obtained from the best fit of our data 

are listed in Table 1. It should be noted that the fitting uncertainty of the optical phonon 

modes frequencies (WTO and wuJ and the phonon damping (71 for GaN epiJayer (6H-SiC 

substrate) is ±O.5 (±l.O) and ±1.0 (±2.0) cm- I
, respectively. Overall, it can be seen that the 

values of the TO and LO phonon modes of GaN measured at s- and p-polarization are 

independent of the incidence angle. Although the shapes at the vicinity of the LO mode of 

GaN (in p-polarized spectra) changes with the angle of incidence, however, these effects does 

not influence the position of the TO and LO phonon modes of the GaN epiJayer. This is also 
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evident from the equation (3) where the G1 (or Gil) is independent of the incidence angle e. 

Detailed descriptions are given below. 

For s-polarized spectra, it can be seen from the Fig. 2 and the Table I that no 

significant shift or distortion of both the shapes and the position of the reststrahlen band were 

detected as the angles of incidence increases. For p-polarized spectra, the changes of the 

reststrahlen band shapes as a function of the incidence angle is more significant than the s

polarization spectra. As shown in the p-polarized spectra, as the incidence angle increases, 

the feature due to the TO phonon mode remain the same while the feature due to the LO 

phonon mode become distorted. The reflectivity of the dip of the LO mode at first decreases 

(become deeper) then reaches a minimum value (at an incidence angle of 45°) and finally 

increases as the incidence angle increases. Furthermore, as the incidence angle increases, a 

new feature (or peak) near to the edge of the LO mode is slowly formed. Nevertheless, as 

evident from the model fit results, it is found that the position of the TO and LO phonon 

modes is unchanged. The distortion of the reststrahlen bands shape near to the LO phonon 

modes for the case of p-polarized is believed to be due to the change of the refractive index, 

n, and the extinction coefficient, k, in the vicinity of the LO mode, i.e. as a result of phase 

change after the Brewster angle [33]. In general, the phase change after the Brewster angle 

for s- and p-polarized measurements are zero and 1t respectively. 

In this study, Kramers-Kronig dispersion relation has been used to obtain the nand k 

spectra. Fig. 3 shows the nand k, for s- and p-polarized measurements at various incidence 

angles. The inset figures in p-polarized spectra show the enlargement near the LO mode of 

GaN. 

For s-polarized spectra, the shapes of the nand k spectra for 15° to 60° remain the 

same except at the incidence angle of 75° where the spectra at 75° are quite noisy at the lower 

wavenumber region. This is likely due to high intensities of the background noise (as can be 
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seen from the s-polarized reflectivity spectrum of 75° depicted in Fig. 2). Since the phase 

change between the incidence and the reflected s-polarized IR beam (before or after the 

Brewster angle) is always zero; hence, there are no distortions on the nand k as well as the 

reflectivity spectra. As a result, all the s-polarized spectra retain their shapes although the 

angle of incidence increased. 

The situation is more complicated for the p-polarized measurements, because there 

was a phase shift between the incidence and the reflected polarized IR beam. Moreover, there 

was an abrupt change of 1t after the Brewster angle. Consequently, the changes of the 

reststrahlen bands shape as a function of the incidence angle is more significant than the s

polarized spectra. 

For p-polarized spectra, as the 8 changes from 15° to 60°, the distortions of the shapes 

of the nand k spectra is not that significant, except the shapes at the vicinity of the LO mode 

of GaN (see the enlargement in the p-polarized spectra of nand k). The shapes of the nand k 

spectra at the incidence angle of 75°, however, changes abruptly to derivative-like shapes due 

to the phase change of1t after the Brewster angle, BR = tan-l(nOaN/nAJ== 66.5" (by assuming 

the IR refractive indices nOaN = 2.3 [34] and nair = 1). It is important to note here that this BR 

equation is true by assuming no absorption. If the absorption occurs (i.e. the material has 

absorption bands at certain frequencies of light), the refractive index will become complex, 

Ii = n + ik . Consequently, the BR equation will become complex too [35]. Nevertheless, for 

the sake of simplicity, we still assume the BR == 66.5" . 

In order to demonstrate the abrupt changes of the shapes of the nand k spectra at the 

BB' measurement at BB == 66.5" with p-polarization has been carried out. The reflectivity 

spectrum and the corresponding spectra of nand k are shown in Fig. 4. The shapes of the 

reflectivity spectrum is similar to that the reflectance spectrum for 60°; however, the nand k 
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spectra are very different. It can be seen that the shapes of the nand k spectra near to the dips 

of the LO mode inverts with the shapes going the opposite way. As can be seen from the R 

spectrum at 75°, the shapes near the TO phonon mode remain undistorted although the shapes 

of the nand k spectra have been changed to the 'derivative-like' shapes. This is most 

probably due to the changes in n values which has been compensated by the changes of the k 

values or vice versa. At the vicinity of the LO phonon mode, it is found that both the nand k 

spectra form a peak (see the enlargement in the p-polarized spectra of the nand kat 75°); as a 

result, a peak was formed near the LO phonon mode, namely, as depicted in the polarized R 

spectrum at 75°. 

(b) 6H-SiC substrate 

For the 6H-SiC substrate, the effects of the incidence angle on both the shapes of the 

reststrahlen band and their optical phonon modes are less significant as compared to the GaN 

thin films. This is evident from Fig. 2 and Table I that there are no relative distortions or shift 

of both the reststrahlen bands shape and the optical phonon modes of 6H-SiC substrate were 

detected over the entire range of angles of incidence which is from 15° to 75°. Nevertheless, 

it is found that the shapes of the reststrahlen band around the TO phonon mode becomes 

more flatten and the dips due to the absorption from the LO phonon mode of the 6H-SiC 

disappear as the incidence angle increases. We believed these alterations are due to the 

changes of the n and the k as discussed previously. As in the case of GaN thin films, this 

effect does not affect the phonon modes of the 6H-SiC substrate. As evident from Table 1, 

the optical phonon modes of the 6H-SiC substrate are independent on the angle of the 

incidence beam. 

V. CONCLUSIONS 
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In this work, we have measured the s- and p-polarized IR reflectivity spectra at 

various angle of incidence of wurtzite structure GaN epilayer on 6H-SiC. The reflection 

spectra are compared to the calculated spectra generated with a damped single harmonic 

oscillator model. The fitting of the theoretical to the experimental curves is good in all cases. 

As the angle of incidence was increased, it was found that the s-polarized spectra retain their 

overall shape; while the p-polarized spectra especially near to the LO phonon modes of the 

GaN thin films were distorted and a new feature was slowly formed. The distortion is 

believed to be due to the changes of the refractive index, n, and the extinction coefficient, k, 

near the LO mode. We have attributed this effect to the phase shift between the incidence and 

the reflected polarized IR beam. For the 6H-SiC substrate, the effects of the incidence angle 

on both their shapes of the reststrahlen band and their optical phonon modes are less 

significant as compared to the GaN thin films. In general, the optical phonon modes for GaN 

epilayer and 6H-SiC substrate are independent on the angle ofthe incidence beam. 
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45°; (d) 60°; (e) 75°. The nand k spectra are obtained from the Kramer-Kronig 

dispersion relation. 

P-polarized IR reflectance spectrum for GaN/6H-SiC taken at Brewster angle 

of 66.5° of GaN epilayer. The dotted line and the dash line are the 

corresponding real refractive index, n, and extinction coefficient, k, 

respectively. 
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TABLE 1. Best-fit parameters for IR reflectance spectra of GaN epilayer grown on 6H-SiC substrate measured with s- and p-

polarization radiation at different incidence angles. 

GaN (epilayer) 6H-SiC (substrate) 
Polarization Parameters 

150 300 450 600 750 150 300 450 600 750 

wLOcm 
-I 745.0 a 745.0 a 745.0 " 745.0 a 745.0 " 973.4 a 973.4 " 973.4 " 973.4 a 973.4 a 

Wm cm -I 557.5 557.5 557.5 557.5 557.5 796.0 796.0 796.0 796.0 796.0 
S 4.05 4.05 4.05 4.05 4.05 3.32 3.32 3.33 3.32 3.32 

s-polarization 
lioo 5.14 b 5.14 b 5.14 b 5.14 b 5.14 b 6.7 c 6.7 c 6.7 c 6.7 c 6.7 c 

r Cm-1 2.0 2.0 2.0 3.0 3.0 8.0 8.0 8.0 8.0 8.0 

---I 
Wu) cm 732.2 732.2 732.2 732.2 732.2 967.1 967.1 967.1 967.1 967.1 

Wro cm -I 557.5 " 557.5 " 557.5 " 557.5 " 557.5" 794.0 " 794.0 " 794.0 " 794.0 " 794.0 a 

S 3.85 3.85 3.85 3.85 3.85 3.24 3.24 3.24 3.24 3.24 
p-polarization 5.31 b 5.31 b 5.31 b 5.31 b 5.31 b 6.7 c 6.7 c 6.7 c 6.7 c 6.7 c lioo 

rcm 
-I 6.0 6.0 6.0 6.0 7.0 6.0 6.0 6.0 6.0 5.0 

Denved usmg Equation (5), i.e. S = &OC) Ww ~ Wro . a· . (2 2 J 
wTO 

b Taken from Yu et al. (Reference 24). 

C Taken from Spitzer et at. (Reference 31). 
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Fig. 1. Schematic diagram of the GaN/6H-SiC cross-section and the beam geometry 

ofthe polarization measurements. 
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Fig. 2. 
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the theoretical reflectance spectra. 
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Fig. 3. 
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Real refractive index, n, and extinction coefficient, k, spectra for GaN/6H-SiC 

with s- and p-polarization at different angles of incidence: (a) 15°; (b) 30°; (c) 

45°; (d) 60°; (e) 75°. The nand k spectra are obtained from the Kramer-Kronig 

dispersion relation. 
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Fig. 4. 
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P-polarized IR reflectance spectrum for GaN/6H-SiC taken at Brewster angle 

of 66.5° of GaN epilayer. The dash line and the dotted line are the 

corresponding real refractive index, n, and extinction coefficient, k, 

respectively. 
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