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ABSTRACT 
 

In this work, temperature-dependent optical properties of a series of AlN thin films with 
different thickness are studied by spectroscopic ellipsometry (SE) ranging from 300 to 825K. 
The fitted refractive index at 300K is in good agreement with the reported by others, which 
confirms the high accuracy of the optical model used in this work. The degradation of the 
absorption properties and the decrease of the bandgap become more pronounced with 
temperature increases above 475K. A larger change of bandgap at elevated temperature is 
observed for the thinner AlN epi-layer (300nm) than the thicker ones (404nm). This can be 
attributed to the poor surface morphologies and crystal qualities in the thinner AlN epi-layer. 
 
INTRODUCTION 
 

AlN films have become a promising candidate for a wide range of applications including 
high-temperature power electronics, piezoelectric sensors, ultraviolet (UV) light emitting diodes 
(LEDs), and UV detectors.  This is due to their unique material properties such as high thermal 
conductivity, high thermal stability, large dielectric breakdown field, high surface velocity of 
acoustic wave (SAW) and ultra-wide bandgap [1-6]. To optimize its high temperature application 
potentials, it is important to understand the optical constants and bandgap variation of AlN with 
the function of temperature. Several experimental methods have been employed to study the 
temperature-dependent optical properties of AlN thin films in the past. For instance, Watanable 
et al. [7] evaluated the refractive index of AlN films up to temperatures of 788K by using optical 
interference measurements. Sohal et al. [8] and He et al. [9] reported the bandgap of AlN films 
on low temperature (20-450K) by using optical transmission spectroscopy. Nam et al. [10] 
utilized deep UV photoluminescence spectroscopy to evaluate the temperature-dependent 
bandgap energy in AlN thin films from 10 to 800K. However, PL measurement cannot 
investigate the thermo-optic effect. Optical constants and film thickness can be estimated with 
very high precision by using ellipsometry, since this technique measures relative light intensities 
modulated by optical elements [11]. M. Röppischer et al. [12] investigated the dielectric function 
(DF) of zinc-blende AlN determined by ellipsometry. Feneberg et al. [13] reported the low-
temperature-dependent exciton resonances in the DF of wurtzite AlN derived by spectroscopic 
ellipsometry (SE) from 5 to 295K over a 2-6.4eV spectral range. Rossbach et al. [14] discussed 
the temperature dependence (10-296K) of the extraordinary and ordinary DF of wurtzite AlN 
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using ellipsometry. However, there have been no studies reported on the effect of high 
temperatures on the optical properties of AlN films by using ellipsometry method. In this work, 
the temperature (300-825K) dependent optical constants and bandgaps of AlN/sapphire thin 
films are studied with different thickness of epitaxial layers using a Mueller matrix ellipsometer.   

EXPERIMENT 
  

The AlN samples were grown on c-plane (0001) sapphire substrates by metal-organic 
chemical vapor deposition (MOCVD) technique. A 12 nm-thick low-temperature (LT) AlN 
interlayer was firstly deposited on the sapphire substrate at 600oC, then the temperature was 
raised to 1100oC to grow high-temperature (HT) AlN epitaxial layer. For comparison, three 
samples (namely AlN-1, AlN-2, and AlN-3) with different thickness of epitaxial layers were 
studied in this work.  

Spectroscopic ellipsometry was used as a non-destructive method to precisely evaluate 
optical constants, thickness of layers and surface roughness. Temperature-dependent (from 300K 
to 825K) ellipsometry parameters (psi and delta) of the three samples in the wavelength range 
(195nm-1650 nm) were measured at three incident angles of 50o, 55o and 60o,  by using a dual 
rotating-compensator Muller matrix ellipsometer (ME-L ellipsometer) [15] equipped with a 
Linkam heating and freezing stage system (THMS600). Atomic force microscope (AFM) was 
used to characterize the surface morphology. The root mean square of the surface roughness of 
the three samples was found to between 14.1 to 2.3 nm for 10×10μm2 area for different thickness 
of epitaxial layers, which can be used as the initial values of surface roughness for the SE fitting 
procedure. A four-layer model using Eometrics software was developed to describe the material 
structures including sapphire substrate, two AlN layers and surface roughness. One Tanguy 
oscillator, one Tauc-Lorentz oscillator and one Gaussian oscillator were used for the AlN layers. 
The surface roughness was a mixture of AlN/voids over-layer modeled by Bruggeman effective 
medium approximation (EMA). Based on the best-fit optical models and fitting algorithms, 
surface roughness, layer thickness, the dependence of refractive index and absorption coefficient 
of the samples with various temperatures were derived. The fitting results are in good agreement 
with measured results as mean squared error (MSE) is lower than 10. 
 
DISCUSSION  
 

The surface roughness and thickness of AlN epitaxial layer were derived from SE fitting as 
listed in Table 1. Figure 1, for example, shows the fitting results of ellipsometric spectra for 
AlN-3 sample at 825K, and the interference oscillations below the bandgap corresponding to the 
transparent region of the sample. The surface roughness of AlN-1 was substantially larger than 
the other two samples. The reason can be attributed to the thinner layer of AlN-1, which could 
induce a partially relaxed structure. Figure 2 shows the refractive index (n) of all three samples 
extracted by SE fitting at 300K. It is observed that the refractive index increases with the 
increasing thickness of epi-layer, which is in consistent with the existing literatures [2, 16]. 
Figure 2 also shows the fitted refractive index from Ref. 17, the value of which is slightly lower 
than the value of AlN-2 in this work. The reason is that the thickness of AlN layer (245nm) used 
in Ref. 17 is lower than the one of AlN-2 (300nm), which confirms the accuracy of the fitting 
results in our work.  
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Table.1 A list of samples and their SE fitting results. 
Sample 
name 

Surface 
roughness (nm) 

Thickness of HT-AlN 
layer (nm) 

Bandgap at 
300K (eV) 

AlN-1 18.9 118 5.64 
AlN-2 3.5 300 6.06 
AlN-3 3.2 400 6.07 
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Figure 1. SE experimental and fitted psi and delta spectra vs. photon energy of incidence (50o, 

55o and 60o) for AlN-3 sample at 825K. 
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Figure 2.  The fitted refractive indices vs. wavelength for three AlN samples at 300K.  

Figure 3 shows the square of the absorption coefficient (α2) of three samples derived from 
SE fitting at 300K, and the energy bandgap can be estimated by using the linear fit of the well-
known relation for direct band gap materials, Equation 1 [8]. The calculated bandgap of three 
samples are shown in Table 1, which indicates that the bandgap increases from 5.64 to 6.07eV as 
the thickness increases from 118 to 400nm. This could be attributed to the variable strain induced 
by point defects with different thickness of epi-layer [13]. 
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Figure 3.  α2 vs. photon energy for three AlN samples at 300K. 

Figure 4 shows the fitted refractive indices for AlN-2 and AlN-3 at 300, 475, 650 and 825K. 
It is observed that the refractive index increases in the transparent region as the temperature rises. 
The refractive index increases from 2.06 to 2.08 in the wavelength of 850nm as the temperature 
changes from 300 to 825K for the 404nm thick AlN epi-layer. Figure 5 gives the square of the 
absorption coefficient (α2) in the temperature range of 300K T 825K for AlN-2 and AlN-3. 
The optical bandgap at elevated temperature can also be calculated from the linear fit, as shown 
in Figure 6. The absorption edge exhibits red-shift with the increase of temperature, which is 
correlated with the reduction of the bandgap. The decrease of bandgap with increasing 
temperature can be attributed to the effect of electron-phonon interactions and the lattice thermal 
expansion [8]. It is noted that, the absorption properties get worse as the temperature is higher 
than 475K, thus exhibiting a more pronounced reduction of bandgap. The phenomena can be 
attributed to the stronger electron-phonon interactions and the increased inter-atomic spacing 
induced by thermal expansion [18] at elevated temperatures.  
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Figure 4.  The fitted refractive index (n) at elevated temperature in the wavelength range of 195-

1650nm for AlN-2 (a) and AlN-3 (b) samples. The inset shows the spectra in the wavelength 
range of 195-400 nm. 

Figure 6 also shows the temperature dependence of Eg derived from Ref.10 by PL 
measurements. The reported bandgaps lie slightly below the values in our work in the whole 
temperature range, which can be attributed to the non-interlayer inserted in the AlN structures of 
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Ref.10, and consequently increases the density of defects and dislocation in the epi-layer. The 
bandgap varies from 6.07 to 5.67eV for AlN-3 as the temperature rises from 300 to 825K, 
comparing with the reported variation of bandgap (from 6.0 to 5.54eV) with temperature (from 
300 to 800K) for AlN thin film without AlN interlayer [10], which indicate that the thermal 
stability of bandgap on high temperature can be optimized by the inset of AlN interlayer in AlN 
thin films. 

The decrease of bandgap is more pronounced in AlN-2 than that in AlN-3, indicating that 
the thermal stability of bandgap depends on the thickness of AlN epi-layer and the increasing 
thickness leads to a higher thermal stability of bandgap. The reason is that insufficient growth 
thickness of AlN epi-layer induces the incomplete coalescence of island in the growth process, 
which consequently result in poor surface morphologies and crystal qualities.  
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Figure 5.  The square of the absorption coefficient (α2) vs. photon energy at elevated 

temperature for AlN-2 (a) and AlN-3 (b) samples. 
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Figure 6. Temperature dependence of the bandgap values at 300-825K for AlN-2 and AlN-3 

samples. 
 

CONCLUSIONS  
 

In conclusion, the temperature-dependent (300-825K) optical properties of AlN thin films 
with different thickness of epitaxial layers are studied by spectroscopic ellipsometry. The results 
indicate that increasing the thickness of epi-layer leads to higher refractive index and higher 
bandgap. With the temperature increases, refractive indices almost increase in the transparent 
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region, while absorption properties degrade and bandgaps decrease. The reduction of band gap 
becomes more pronounced as the temperature is higher than 475K, and the thermal stability of 
bandgap becomes better by the insert of AlN interlayer and increasing the thickness of AlN epi-
layer.  
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