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This study investigated the optical properties of AlGaN/GaN/sapphire high-electron-mobility transistor 

(HEMT) structures. The AlGaN/GaN/sapphire HEMT structures were grown by metal-organic 

chemical vapour deposition (MOCVD). The aim of this study was to determine the optical properties, 

layer thicknesses, and band gap energies of the buffer layers. The Swanepoel envelope method was 

employed to calculate the refractive index, layer thickness, absorption coefficient, and extinction 

coefficient. These parameters were obtained for the transparent region as well as the weak- and 

medium-absorption regions. The Tauc method, together with the Kubelka–Munk method, was used to 

determine the optical band gap energy of the AlGaN layer. 
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1. INTRODUCTION 

In recent years, III–V semiconductors such as As-based AlGaInAs and P-based AlGaInP have been 

widely used in laser diodes (LDs) and light-emitting diodes (LEDs) because of their superior 

properties Rajan et al. (2004). However, their application areas remain limited because the band 

gaps of these semiconductor materials are insufficient for some optoelectronic applications. With 

advances in technology, III–V nitride semiconductors such as InN (~0.7 eV), GaN (~3.4 eV), and 

AlN (~6.2 eV) have attracted considerable interest because of their wide band gaps, high electron 

saturation velocity, strong chemical bonds, high melting temperatures, high thermal conductivity, 

and high breakdown electric field Onuma et al. (2003). III–V nitride-based semiconductors cover a 

broad spectral range extending from the ultraviolet to the infrared region Beeler et al. (2013). 
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Due to these properties, they are widely used in the fabrication of high-power and high-frequency 

devices, including AlGaN/GaN and InAlN/AlN HEMTs, HEMTs with GaN and AlN buffer layers, 

Metal–Semiconductor Field-Effect Transistors (MESFETs), Heterostructure Field-Effect 

Transistors (HFETs), and Junction Field-Effect Transistors (JFETs). GaN exhibits superior 

characteristics such as high durability, excellent chemical stability, high electron mobility, and high 

thermal conductivity Pengelly et al. (2012). GaN-based devices can operate under harsh conditions 

involving high temperatures, high electric fields, and high frequencies. Consequently, GaN-based 

HEMT structures are particularly suitable for achieving high power densities. 

In this study, the optical properties of AlN/AlGaN-based HEMT structures are investigated. Optical 

transmittance T(λ), optical band gap (Eg), absorption coefficient α(λ), refractive index n(λ), film 

thickness (d), and reflectance R(λ) spectra are determined by measuring the intensity of light 

transmitted through and reflected from thin-film layers deposited on a transparent substrate as a 

function of wavelength. The relationship between the optical constants of the film and wavelength 

is examined. 

The Swanepoel envelope method is employed to determine the film thickness and refractive index. 

The transmittance spectrum contains a finite number of interference fringes. Rather than analyzing 

the entire spectrum, the envelope method utilizes the envelope curves passing through the maxima 

and minima of the interference fringes. The calculation of fundamental optical parameters using the 

envelope method was first introduced by Swanepoel. 

The Kubelka–Munk theory is also used to determine certain optical parameters of the material. 

With this method, the relationship between reflection and absorption can be evaluated for specific 

layers of the device. 

Swanepoel envelope method is a photometric characterization method to determine optic constants 

such as, refractive index, absorption coefficient. Its application only needs transmission spectra. It 

depends on the interference fringes on envelope curves which are gained by using special softwares.  

Tauc method is a graphical method to determine forbidden energy band gap of crystal 

semiconductors. It uses optical absorption spectra. Relation between absorption coefficient and 

photon energy is used to obtain the necessary plot. Forbidden energy band gap is gained by x-axis 

intercept of linear part of this plot. 
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Kubelka- Munk theory is a model for determining optic properties of diffractive layers such as 

reflectance and absorption. It determines the optic behavior of sample by using absorption and 

reflectance of light in sample. It is used for calculating forbidden energy band gap of 

semiconductors. 

2. MATERIAL AND METHOD 

AlN and AlGaN layers are grown on a c-oriented sapphire substrate using the MOCVD method. 

Trimethylgallium (TMGa), trimethylaluminum (TMAl), ammonia (NH3), aluminum (Al), and 

nitrogen (N) are used as source materials, while H2 gas is used as the carrier gas. The TMAl/TMGa 

flux ratio is approximately between 15% and 25%. TMGa, TMAl and NH3 are seperated into Ga, 

Al and N. This seperation is made in MOCVD reactor (Aixron 200/4 HT-S) under low pressure and 

at low temperature. Transfer of these sources are made with high temperature H2 carrier gas. Prior 

to the growth of the epitaxial film, the sapphire substrate is annealed at 1100 0C for 10 min to 

remove impurities from the substrate surface. The AlGaN HEMT devices are referred to as Samples 

A and B. The structures of Samples A and B are shown in Table 1. GaN layers are grown under 200 

mbar constant pressure to prevent high level dislocations. For sample A, LT GaN layer is grown in 

2.46 minutes and for sample B in 3.31 minutes. Sample A consists of an AlN nucleation layer and 

GaN buffer layers grown on a sapphire substrate. For Sample A, a thin AlN nucleation layer is first 

grown at low temperature, followed by the growth of a thick AlN buffer layer at high temperature. 

Table 1. Diagrams of samples A and B 

Sample A AlGaN on AlN template Sample B AlGaN on AlN template 

GaN Cap Layer – 3 nm GaN Cap Layer – 3 nm 

AlGaN Layer – 25 nm AlGaN Layer – 25 nm 

AlN Layer – 1-2 nm AlN Layer – 1-2 nm 

GaN Layer – 5 nm GaN Layer – 5 nm 

InGaN Layer – 1 nm InGaN Layer – 1 nm 

GaN Buffer Layer (5) – 150 nm GaN Buffer Layer (5) – 150 nm 

GaN Buffer Layer (4) – 300 nm GaN Buffer Layer (4) – 300 nm 

GaN Buffer Layer (3) – 110 nm GaN Buffer Layer (3) – 110 nm 

GaN Buffer Layer (2) – 800 nm GaN Buffer Layer (2) – 800 nm 

GaN Buffer Layer (1) – 90 nm GaN Buffer Layer (1) – 90 nm 

HT AlN Buffer Layer – 350 nm HT AlN Buffer Layer – 520 nm 

AlN NL AlN NL 

6H-Al2O3 Substrate 6H-Al2O3 Substrate 
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The reason for this procedure is to prevent the cracks in nucleation layer. If this temperature 

adjustment is not made properly, structural properties of device will deteriorate because of high 

level defects and lattice mismatch. 

For Sample B, the growth conditions are the same as those of Sample A. The only difference is the 

duration of the high-temperature (HT) AlN buffer layer growth. Even this small difference affects 

all optical and electrical properties of the device because the structural properties change 

significantly. 

3. RESULTS AND DISCUSSION 

Swanepoel method 

The thickness, absorption coefficient, and refractive index can be calculated using the Swanepoel 

envelope method. To apply this method to the AlGaN/GaN/sapphire HEMT structure, transmission 

spectra are used. Transmission is defined as the ratio of the intensity of transmitted light to that of 

incident light. During the application of the Swanepoel method, the maximum transmission (TM) 

and minimum transmission (Tm) values can be determined by applying an envelope function using 

appropriate software. The fitted curves formed by TM and Tm are used in this method Redko et al. 

(2019), Swanepoel (1983). The results obtained from this method are in good agreement with those 

reported in the literature. 

The transmission spectrum is obtained by plotting wavelength versus %T. This plot is presented in 

Figure 1 for Samples A and B. No significant differences are observed in the spectra except for 

fluctuations in the transmission intensity values. These fluctuations may arise from differences in 

film thickness. Thickness variations may cause the layers to exhibit semi-transparent window 

behavior. This situation affects the efficiency of the AlGaN HEMT structure Swanepoel (1983), 

Mohammad and Morkoç (1996). 

The interference fringes observed in the transmission spectra are related to variations in film 

thickness. The forbidden energy band gap can be determined from the high-energy absorption edge. 

However, this absorption edge may also be associated with excitons rather than band-to-band 

transitions corresponding to the band gap. 

There are various methods for determining the forbidden energy band gap from measured 

transmission data. Transmission measurements of the AlGaN/GaN/sapphire structure are 

performed. With the aid of the optical transmission spectra, the thickness of the transparent region, 

the thickness of the medium- or low-absorption region, the refractive index, excitation, and 

https://doi.org/10.54287/gujsa.1922780
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absorption constants can be determined Djurisic et al. (2001). In the equations given in the text, ns 

denotes the refractive index of the substrate (Al2O3). 

 

Figure 1. Transmission spectras and envelopes for Samples A and B 

In Figure 1, the envelope curves can also be observed together with the transmission spectra. These 

curves are plotted as upper and lower envelopes. TM and Tm can be mathematically modeled as 

given in Equations (1) and (2). 

 𝑇𝑀 =
𝐴𝑥

𝐵 − 𝐶𝑥 + 𝐷𝑥2
 (1) 

 𝑇𝑚 =
𝐴𝑥

𝐵 + 𝐶𝑥 + 𝐷𝑥2
 (2) 

 𝑛 = [𝑁 + (𝑁2 − 𝑛𝑠
2)1/2]1/2 (3) 

 𝑁 =
1

2
(1 + 𝑛𝑠

2) +
2𝑛𝑠(𝑇𝑀 − 𝑇𝑚)

𝑇𝑀𝑇𝑚
 (4) 

The thickness of the transparent region and that of the medium- or low-absorption region can be 

determined using Equation (5). In Equation (5), t represents the thickness. The quantity expressed in 

nanometers (nm) corresponds to the thickness of the transparent and absorption regions. 

 𝑡 =
𝜆1𝜆2

2[𝑛(𝜆1)𝜆2 − 𝑛(𝜆2)𝜆1]
 (5) 

Wavelength versus refractive index plot is demonstrated in Figure 2. 

In the samples used, the structures are considered bulk materials consisting of transparent and 

absorption layers for the incident wavelengths. Therefore, the refractive index values obtained do 

not correspond to a specific layer. Instead, they represent the transparent and absorption layers as a 

whole. 

https://doi.org/10.54287/gujsa.1922780
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The refractive index values for both the transparent region and the low- or medium-absorption 

region are nearly constant. As expected, the refractive index values of the transparent region are 

lower than those of the low- or medium-absorption region. This behavior can be explained using the 

relation n = c/v, where n is the refractive index, c is the speed of light in a vacuum, and v is the 

speed of light in the medium. The nearly constant refractive index values imply that the samples 

possess good crystal quality Sakalauskas et al. (2010). 

 

Figure 2. Refractive index versus wavelength plots for Sample A and B 

The absorption coefficient values in the low- or medium-absorption region are not zero. During the 

calculation of the absorption coefficient, the parameters x and EM are used in Equations (6) and (7). 

The absorption coefficient and extinction coefficient are determined using Equations (8) and (9) 

Romanov et al. (2015). The refractive index, extinction coefficient, absorption coefficient, and 

thickness values are presented in Table 2. 

 𝑥 =
𝐸𝑀 − [𝐸𝑀

2 − (𝑛2 − 1)3(𝑛2 − 𝑛𝑠
4)]1/2

(𝑛 − 1)3(𝑛 − 𝑛𝑠
2)

 (6) 

 𝐸𝑀 =
8𝑛2𝑛𝑠
𝑇𝑀

+ (𝑛2 − 1)(𝑛2 − 𝑛𝑠
2) (7) 

 𝛼 =
1

𝑡
𝑙𝑛(

1

𝑥
) (8) 

 𝑘 =
𝛼𝜆

4𝜋
 (9) 

In Table 2, "tran." is the abbreviation for transparent. The symbol n denotes the refractive index, 

while l and w denote low and weak, respectively. The symbols k and α represent the extinction 

coefficient and absorption coefficient, respectively. The symbol t denotes the thickness. The optical 

extinction coefficient indicates the extent to which incident light is attenuated within the material. 

https://doi.org/10.54287/gujsa.1922780


844 
Bilgili et al., 2026  

GU J Sci, Part A 13(2) 838-848 (2026) 10.54287/gujsa.1922780  
 

 

The absorption coefficient is a measure of the decrease in light intensity as light propagates through 

the medium. 

Table 2. Optic properties of Samples A and B 

Sample n (tran) n l or w k α (m-1) t tran (nm) t l or w (nm) 

Sample A 1.30 2.30 1.1x10-3 9.7x10-3 2454 1591  

Sample B 1.40 2.25 1x10-3 9.6x10-3 2674 1604  

Tauc's method 

In semiconductor materials, the forbidden energy band gap can be determined using the effect of 

photon energy on the absorption coefficient. This approach is known as the Tauc method Bilgili et 

al. (2019). The Tauc method is a widely used technique for determining the forbidden energy band 

gap from optical absorption spectra Dolgonos et al. (2016). Figure 3 shows the absorption-versus-

wavelength plots for Samples A and B. The application of the Tauc method based on the data 

presented in Figure 3 is illustrated in Figure 4. According to this plot, light is completely absorbed 

around the visible region. The forbidden energy band gap of AlGaN is determined to be in the range 

of 2.5–3.0 eV. 

 

Figure 3. Absorbance versus wavelength plots for samples A and B 
 

 

Figure 4. Demonstration of Tauc’s method for samples A and B 
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Kubelka-Munk method 

The forbidden energy band gap value of AlGaN is calculated again using the Kubelka–Munk 

model. In this study, the Kubelka–Munk theory is partially applied. The Kubelka–Munk theory is a 

modeling approach used to describe the behavior of light in absorbing media Alcaraz de la Osa et 

al. (2019). The application of the Kubelka–Munk method begins with plotting reflectance versus 

wavelength. The reflectance-versus-wavelength plot is obtained by converting the absorption data 

into reflectance using Equation (10). 

 𝑅 = 1 − √𝑇𝑒𝐴 (10) 

This plot is shown in Figure 5. 

 

 

Figure 5. Reflectance versus wavelength plots for samples A and B 

As the final step, dR/dλ versus wavelength is plotted. The center of the highest peak in this plot 

provides the wavelength value used to determine the forbidden energy band gap through the relation 

hc/λ. The dR/dλ versus wavelength plots are shown in Figure 6. These plots represent part of the 

Kubelka–Munk theory. The center of the highest peak is located at 389 nm for Sample A and 412 

nm for Sample B. The corresponding energy values are 3.18 eV and 3.00 eV, respectively. 

The Al ratio corresponding to these band gap values is approximately 20%. The lower band gap 

may result from several factors. For example, Al incorporation during MOCVD growth may be 

more effective than expected, although measurement errors may also contribute. In addition, alloy 

disorder, such as inhomogeneous Al distribution or Ga-rich regions, may affect the band gap. 

Another possible reason is band tailing arising from defects and disorder. Furthermore, strain 

effects resulting from lattice mismatch may also influence the band gap. Tensile strain in the 
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structure decreases the band gap. High doping levels may also reduce the band gap. In addition, 

high growth temperatures may lead to a decrease in the band gap. 

Since the wavelength is known, the corresponding energy value can be readily calculated using the 

relation given by Inbaraj and Prince (2018). It is observed that the forbidden energy band gap 

values obtained from the Tauc and Kubelka–Munk methods are in good agreement with each other. 

According to data and results gained by calculations and measurements, band gap values, some 

optical coefficients are determined in good accordance with literature given in references section. 

 

Figure 6. dR/dλ vs wavelength plots for samples A and B 

4. CONCLUSION 

In this work, an AlGaN/GaN/Al2O3 HEMT device is investigated. The structure was grown using 

the MOCVD technique. The main objective of this study is to provide a detailed optical 

characterization of the investigated samples and to contribute to the existing literature. 

The Swanepoel envelope method is applied to the transmission spectra. For Sample A, the 

refractive index values for the transparent and low-absorption regions are determined to be 1.30 and 

2.30, respectively. For the same sample, the absorption and extinction coefficients are found to be 

9.7 × 10-3 and 1.1 × 10-3, respectively. For Sample B, the corresponding values are obtained as 1.40, 

2.25, 9.6 × 10-3, and 1.0 × 10-3, respectively. The remaining results are presented in Table 2. 

In addition, the forbidden energy band gap of AlGaN is determined using the Tauc method and, 

partially, the Kubelka–Munk method. The forbidden energy band gap values obtained from both 

methods are approximately 3 eV. These results are in good agreement with those reported in 

previous studies conducted by different researchers. The relevant references are provided 

throughout the text. 
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