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A series of AlyGa;_xN/AIN/Sapphire films with x = 0.35-0.75 and different thickness of epi-layer were pre-
pared by metalorganic chemical vapor deposition (MOCVD). Spectroscopic ellipsometry (SE) was used to
study the temperature-dependent refractive indices and optical bandgaps of the AlyGa; «xN films ranging
from 300 to 823 K. Parametric semiconductor (PSEMI) models were used to describe the dielectric func-
tions of AIGaN/AIN layers. The fitting results of refractive index, energy bandgap, thickness and surface
roughness at 300K are in good agreement with photoluminescence (PL), scanning electron microscopy

ileyg;ord;: (SEM) measurements and the existing literature. Our finding indicates that the crystal quality of the
Texmp;"ature samples with x=0.47 and 0.60 are better than those with x=0.35 and 0.75. As the temperature rises,

the increasing of refractive index for the low Al content AlxGa;xN layers is stronger than that of high Al
content in the transparent region, and the reduction of bandgap with high Al content is larger than that of
low Al content. For all the samples (x=0.35-0.75), an analytical expression for temperature-dependent
refractive index in the wavelength range of 195-1650 nm was obtained using the Sellmeier law, and the
quantitative analysis of the SE-derived temperature-dependent bandgap was conducted by using the

Optical properties
Spectroscopic ellipsometry

Bose-Einstein equation.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Wide band-gap AlGaN alloys are of great interest for the devel-
opment of high-temperature, high-power and deep ultraviolet (UV)
optoelectronic devices, due to their high thermal conductivity,
high dielectric constant and continuously tunable bandgap [1-3].
For instance, photodiodes combined with AlxGa;.«xN distributed
Bragg reflectors (DBR) can operate at temperatures higher than
650K [4,5]; the lattice temperature of AlGaN HEMT can exceed
700K based on the self-heating effect for the applications of high-
power switching [6]; AlGaN based gas sensor can be integrated
with microwave electrodes or with UV detector and emitter at
temperature range of 300-773K [7]. For these high-temperature
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applications, understanding of the thermo-optic effect (depen-
dence of the refractive index on temperature) [4] and the variation
of bandgap with the function of temperature are essential to
improve the material quality and device performance.

Various experiments such as transmission spectra and photo-
luminescence (PL) measurements have been carried out in the
past to investigate the temperature-dependent optical properties
of AlxGaq N films. Brunner et al. [8] and Sohal et al. [9] reported the
refractive index and bandgap of AlGaN films on low temperature
(7-300K) by using transmission spectroscopy. Watanable et al. [4]
utilized optical interference measurements to evaluate the refrac-
tive index up to the temperature of 788K for GaN and AIN, but
not for AlGaN alloys. Furthermore, Nepal et al. [10] investigated
the temperature-dependent bandgap energy in AlGaN epi-layers
from 10 to 800 K measured by PL spectroscopy. However, PL mea-
surement cannot investigate the thermo-optic effect. On the other
hand, refractive index and band gap of IlI-nitrides can be accurately
extracted by spectroscopic ellipsometry (SE). For instance, Tisch
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et al. [11] reported the refractive indices of AlGaN measured by
SE from 300 to 580K over a 248-827 nm wavelength range. The
temperature-dependent optical properties of AIN and GaN have
also been studied in other literature [12-15] by using ellipsome-
try measurements, but no more than 630 K. Up to now, few studies
have been reported the impact of high temperatures (especially
T>600K) on the optical constants and energy bandgap of AlGaN
films by ellipsometry.

To fill this knowledge gap, this study aims to investigate the
optical constants and bandgaps of AlxGa;xN films with tem-
peratures ranging from 300 to 823K by using a dual-rotating
compensator ellipsometer. In this article, metalorganic chemi-
cal vapor deposition (MOCVD) technique was used for growing
AlxGay_xN/AIN/Sapphire structure with different thickness epi-
layers and Al molar fractions (0.35 <x <0.75).

2. Experimental methods
2.1. Film growth

The AlxGa;_xN samples studied here were grown on c-plane
(0001) sapphire substrates by MOCVD in a low pressure (40 Torr).
Source materials were trimethyl-aluminum (TMAI), trimethyl-
gallium (TMGa), and ammonia (NH3). A nominal 12 nm-thick
low-temperature (LT) AIN nucleation layer was firstly grown at
600°C, followed with a 140 nm-thick high-temperature (HT) AIN
nucleation layer grown at 1040°C. Finally, AlxGa; xN epi-layers
with different thickness were deposited at same temperature of
1040 °C. Four samples with different Al content were grown by con-
trolling the flux of TMAIL and Al molar fractions (x=0.35, 0.47, 0.60,
0.75) were calculated by high resolution x-ray diffraction (HRXRD)
assuming Vegard’s law [16], as listed in Table 1.

2.2. Spectroscopic ellipsometric measurements

SE is a non-destructive method that can precisely determine
optical constants, surface roughness and thickness of layers. It is
based on the measurement of the change in the polarization state
psi () and delta (A) of light upon reflection from the surface and
the interfaces, and the utilization of the appropriate dispersion
models [17,18].

In this study, SE measurements were taken over a spectral
range of 193-1650 nm (6.36-0.75 eV) with a step of 0.5 nm using a
dual-rotating compensator ellipsometer equipped with a Linkam
heating and freezing stage system (THMS600). The light source
combined with a deuterium lamp and a halogen lamp provided a
continuous spectrum of incidence radiation at three angles of 50°,
55° and 60°. Samples were mounted on a stress-free high temper-
ature stage, and temperature was controlled between 300K and
823 Kwith the help of a heating element wire and a water circulator.
Temperatures were monitored using an embedded thermocouple
placed inside the sample holder and a thermocouple placed on the
top corner of the sample. The SE measurements were carried out
at every elevated temperature point after setting the temperature
for half to one hour, to make the temperature difference between
sample holder and sample surface to be less than 10K even at the
highest temperature. Eleven temperature points were measured
for each sample from 300 to 823 K and the experimental spectra
were recorded according to the monitored surface temperature of
samples.

Deep UV PL spectroscopy (Photon Systems Inc.) has also been
employed to investigate the effect of various Al compositions on
the bandgap energy of AlGaN alloys at 300K and to compare with
the results obtained by SE. The PL spectroscopy system used here
consists of a HeAg laser with an excitation wavelength at 224 nm

(around 5.53eV) and a 10Hz repetition rate, a monochromator
(0.25m), and an integrated photomultiplier (PMT) detector with
a wavelength range of 224-850 nm and a resolution of 0.1 nm.

3. Modeling and fitting

A SE analysis software, namely CompleteEASE (J.A. Woollam
Inc.), was used to extract every layer thickness, surface roughness
and optical constants of the AlxGa;_xN samples from the measured
Y and A spectra. A five-layer model was applied to describe the
material system. Factors including the effects of substrate, AIN
nucleation layer and interface layer followed by the AlGaN epi-
layer and surface roughness were considered in the model. The
HT-AIN and LT-AIN layers of the structure were simplified to be
one nucleation layer in the model, since larger number of layers
and subsequent unknown parameters could increase the correla-
tion of fit parameters and the risk of fitting error. The interface layer
was defined between the AIN nucleation layer and AlGaN epi-layer,
to model the interfacial intermixing of the layers above and below
in 50:50 Bruggeman effective medium approximation (EMA) [19].
The introduction of this thin interface improved the fitting quality
of our samples. The surface roughness was a mixture of AlGaN/voids
over-layer, also modeled by Bruggeman EMA. The dielectric func-
tion of the sapphire substrate was provided by Adachi [20], and the
one of the AIN nucleation layer was described by two Parametric
Semiconductor (PSEMI) oscillators (Psemi-MO and Psemi-Tri) and
one Gaussian oscillator [21]. The parameterization of the AlGaN
epi-layer dielectric functions can also be performed by combin-
ing two PSEMI oscillators of Psemi-MO and Psemi-Tri. The PSEMI
models, developed by Herzinger and Johs [22,23], are allowed to
vary and fit seven out of twelve free parameters in each oscillator.
They have high efficiency and accuracy for fitting &, (the imag-
inary part of dielectric function) critical point of direct bandgap
crystalline semiconductor by combining a highly flexible functional
shape with Kramers-Kronig integration [21].

Aregression fitting algorithm was applied to vary the thickness
of all the layers, along with adjusting fourteen parameters of the
AlGaN epi-layer and seventeen parameters of the AIN layer, until
the fitted ellipsometric parameters (y and A) of the multi-layer
model matched the experimental SE data. The mean squared error
lower than 4 indicates that the fitting results are in good agreement
with the measured results. The uniaxial anisotropy of the hexag-
onal AlGaN samples was omitted in our models, since the rather
weak optical anisotropy has been illustrated by several authors
[11,24,25], and the difference in the fitted results of the ordinary
and extraordinary refractive indices was below 0.5% for our samples
when considering the anisotropy.

4. Results and discussion

4.1. Influence of Al molar fraction and thickness on optical
properties at 300 K

Fig. 1 shows as an example, the experimental and the best fit-
ting results of ellipsometric spectra for AlyGa;_xN (x=0.47) sample
at 300 K, where the incident angles are 50°, 55° and 60°. The best-fit
values of all the parameters in every oscillator for the AlGaN and AIN
dielectric function are listed in Table 2. As we can see, the spectra
displays interference oscillations below the bandgap correspond-
ing to the transparent region of the sample, and the oscillations
vanish above the bandgap due to the total absorption of the inci-
dent light by the layer. The same trends are observed in the other
three studied samples.

Table 1 also shows the best-fit thicknesses of every layer by SE
and the epi-layer thicknesses measured by cross-sectional scan-
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Table 1
Summary of growth properties and thickness information of AlyGa;.xN samples.
Al content x 0.35 0.47 0.60 0.75
Flux of TMAI (sccm) 40 40 40 40
Flux of TMGa (sccm) 9 6 4 2
Growth rate of AlxGa;xN layer (nm/min) 9.55 7.4 5.3 3.6
Nominal thickness of AlyGa;«xN layer (nm) 723 592 471 371
SEM measured thickness of AlyGa;xN layer (nm) 770 594 521 364
SE fitted thicknesses AlxGa;xN layer (nm) 7753 +1.5 560.8+2.7 502.1+4.0 389.0+2.1
Interface layer (nm) 269+1.3 31.2+2.1 28.8+3.2 41.3+3.6
AIN layers (nm) 723+33 43.0+1.5 40.7 £4.1 38.8+1.8
SE fitted surface roughness (nm) 3.4+0.2 2.54+0.1 2.9+0.1 48+0.2
Table 2
The fit oscillator parameters in AlGaN and AIN layers for AlyGa; xN (x=0.47) at 300 K.
Model structure Parameter/ Value
AlxGa; «xN epi- epi-layer PSEMI-MO Amp/ 0.835 Br/ 0.066 E0/4.474 WR/ 5.362 PR/ 0.875 AR/ 2.091 02R/ —1.000
+0.121 +0.008 +0.011 +1.593 +0.117 +0.424 +0.088
PSEMI-Tri Amp/ 29.415 Br/ 1.013 Ec/ 7.495 WL/ 0.232 WR/ 0.246 AL/ 0.608 AR/ 0.632
+9.187 +0.011 +0.061 +0.076 +0.077 +0.307 +0.302
AIN nucleation layer PSEMI-MO Amp/ 2.585 Br/ 0.191 EO/ 6.388 WR/ 4.139 + PR/ 0.093 £ AR/ 1.604 + O2R/ -0.185
+0.004 +0.033 +0.035 0.001 0.001 0.002 +0.001
PSEMI-Tri Amp/ 5.022 Br/ 0.527 Ec/ 8.057 WL/ 0.202 WR/ 0.2011 AL/ 0.505 AR/ 0.504
+0.018 +0.103 +0.141 +0.007 +0.008 +0.024 +0.024
Gaussian Amp/ 0.987 Br/ 0.393 En/9.917
+0.060 +0.028 +0.604

Psi (degree)
i

Model fit

1 ' 4 4 '
+

Delta (degree)

1 2 3 ' 4 ' 5 6 7
Photon energy (eV)

Fig. 1. SE experimental (open black circle) and fitted (solid red line) psi and delta
spectra vs. photon energy of incidence (50°, 55° and 60°) for AlyGa;xN (x=0.47) at
300K.

ning electron microscopy (SEM). The thicknesses of AlGaN epi-layer
extracted from SE fitting agree well with the values determined by
SEM, and the actual thickness of AlGaN layer decreases with the
increasing Al content.

The surface morphologies of the AlGaN samples were also inves-
tigated by SEM, as shown in Fig. 2. The insertion of two AIN
inter-layers apply a compressive strain instead of tensile stress to
the AlGaN layer and thus prevent the crack formation [26,27], due
to the larger lattice constant of a=0.3189 nm for GaN than the one
ofa=0.3112 nm for AIN in (0001) plane [28]. Therefore, SEM images
exhibit smooth and homogeneous surfaces in samples with Al con-
tent x=0.47 and 0.60. As the Al content is decreased to 0.35, some
small dots were observed in the surface, which can be associated
with the enhanced compressive strain in the AlGaN layer due to
the thicker epi-layer (listed in Table 1) and larger lattice mismatch
between AlGaN and AIN layers in samples with lower Al content of
0.35. At the highest Al content x=0.75, many pits spread over the
entire surface of the sample. This phenomenon can be attributed
to the strong adhesion and low surface mobility of Al atoms and
insufficient growth thickness of AlGaN layer (listed in Table 1),

which could induce the incomplete coalescence of island in the
growth process [29,30]. Thus, surface roughness of the four sam-
ples obtained by SE fitting as shown in Table 1 are in accordance
with the SEM results.

The refractive index (n) and the extinction coefficient (k) of the
four samples with different Al content in the wavelength range of
195-1650nm at 300K can be extracted by SE fitting, as shown in
Fig. 3. The sharp peaks in the spectra of refractive index are due
to the excitonic transitions at the bandgap edge, indicating that
the AlIGaN samples are transparent in the wavelength region of
the decrease of refractive index. As the Al content increases, the
peak of refractive index spectra shifts toward higher energy (blue
shift), inducing the decrease of refractive index value in the same
wavelength point of the transparent region, which is in accordance
with the expected physical phenomena [11,18,31]. Furthermore,
it is observed from the inset of Fig. 3(a), for Al contents x=0.47
and x=0.60, the values obtained in this work are similar to those
previously reported from Ref. [31] and the maximum deviation
is within 0.8%. Combined with the data in Ref. [18] (x=0.19 and
x=0.675), the overall refractive indices also present a decrease with
the increasing Al content in the transparent region. It’s noted that,
the refractive index values of AlxGa; xN (x=0.75) sample in the
transparent region are unusually much smaller than the ones of
AlyGa;_xN (x=0.60) sample and the ones of AlyGa;_xN (x=0.675)
in Ref. [18], which could be attributed to the pits on the surface
[21] and the relatively thinnest epi-layer of this set of samples.
The reduction of refractive index value with the decreasing film
thickness has been reported by other authors [21,32,33].

The optical absorption coefficient (o) can be expressed by using
Eq. (1), and the energy bandgap can be estimated by using Eq. (2)
for direct band gap materials [9,25].

a = 4nk/A, (1)

C(Aiw — Eg) hw > Eg,
fiw))? = 2
(a(hw)) 0 —— (2)

Here A is the wavelength, C is a constant. Thus, the values of the
bandgap (E;) can be determined at the point of (a(Aw))? =0 by
linear fit close to the absorption edge [25], as demonstrated in Fig. 4.
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Fig. 2. SEM micrographs for the AlxGa;«xN samples with x=0.35, 0.47, 0.60, 0.75, respectively.
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Fig. 3. Optical constants as a function of wavelength for Al,Ga;«N (x=0.35, 0.47,
0.60, 0.75) at 300K. (a) The fitted refractive indices (n). The inset displays a com-
parison of the fit results from Ref. [18], Ref. [31] and from this work below the
wavelength of 800 nm. (b) The fit extinction coefficients (k). The inset shows the
spectra in the wavelength range of 195-500 nm.

Fig. 5 shows the PL spectra at 300K for these four samples, and
the transition bandgap energy can be estimated by fitting the spec-

6x10"
x=0.35
10 | —-—- linear fit
5x10"1 X=0.47
10| == linear fit
« 4x10 "+ x=0.60
k= 0|~ linear fit
L 3x10 x=0.75
% " —-—- linear fit
2x10"1
1x10"
T

30 35 40 45 50 55 60
Photon energy (eV)

Fig. 4. The square of the absorption coefficient (a?) vs. photon energy for different
Al contents of AlyGa;«xN samples at 300 K.

tra near the emission peaks by the Gaussian functions. It is noticed
that the PL intensity for the samples of x=0.35 and 0.75 are much
lower than the others, which can be explained by the poor surface
morphologies and crystal qualities of these two samples.

Fig. 6 displays the room temperature bandgap obtained by SE
fitting and PL measurements, compared with the calculated values
following the phenomenological quadratic dependence on the Al
content:

Eg(AlxGaj_xN) =xEg(AIN) + (1 —x)Eg(GaN) — bx(1 —x), 3)

where the bowing parameter b=0.82 and the room temperature
band gaps of 6.1 eV and 3.45 eV for AIN and GaN are determined by
Ref. [31]. It is observed that the bandgap extracted from SE fitting
are in excellent agreement with the PL and calculated results at
300K, and the maximum deviation is 0.8%.

The bandgaps, refractive indices, thickness of layers and sur-
face roughness obtained by SE fitting are in good agreement with
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1.0x10*

x=0.35
x=0.47

4.46eV

Intensity

3.5 4.0 4.5 5.0 55
Photon energy (eV)

Fig. 5. PL spectra for different Al contents of AlyGa;.xN samples at 300 K.
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Fig.6. Room-temperature bandgap (Eg) of AlyGa;_xN by SE fitting and PL experiment
vs. Al content x. The solid line represents the calculated results from Ref. [31].

PL, SEM measurements and the existing literature, which demon-
strates the accuracy of the dispersion models used in this work.

4.2. Temperature-dependent modeling and analysis

The fitted parameters of the models at 300K can be used as the
initial values for the fitting procedure at elevated temperature. The
temperature dependence of the optical property constants for the
sapphire substrate has been omitted in this work, due to almost
no temperature-induced deviation of optical constants [11]. The
thickness of AlGaN/interface/AIN layers, surface roughness and the
dielectric functions of AlGaN and AIN were taken into account for
the high-temperature SE fitting. Based on the dispersion models at
300K, the best-fit results can be obtained at elevated temperatures
by adjusting these fitting parameters within reasonable borders.

The fitted thicknesses of every layer for the samples increase
slightly at elevated temperatures, and the largest increase of the
thickness caused by thermal expansion effect is 0.95% as the tem-
perature rises from 300 to 823 K. For example, the thickness of the
epi-layer varies from 775.3 nm to 778.5 nm in the whole tempera-
ture range for the AlyGa;_xN (x=0.35) sample.

4.3. Dependence of the refractive index on temperature

Fig. 7 shows the fitted refractive indices for AlyGa;_xN (x=0.47)
in the wavelength range of 195-1650nm at eleven tempera-
ture points from 300 to 823 K. It is observed that the refractive
index increases with the increase of temperature in the trans-
parent region due to the red-shift of the refractive index peaks.
The changes of refractive index are pronounced in the vicinity of
the bandgap. For instance, the refractive index of Alp47Gags3N
increases from 2.50 to 2.62 in the wavelength of 305nm, and
increases from 2.16 to 2.19 in the wavelength of 1650 nm with

—— 300K
2.8 @ —373K

2.7
2.6 - ‘
c 254

2.4

300 350 400
Wavelength (nm)

2.34

2.2

200 400 600 800 1000 1200 1400 1600 1800
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0.64 ()
0.5
0.4
0.3

0.2+

014 " 200 250 300 350
Wavelength (nm)

0.0 4
200 400 600 800 1000 1200 1400 1600 1800
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Fig. 7. Fitted optical constants at elevated temperatures (300-823 K) in the wave-
length range of 195-1650 nm for AlxGa;xN (x=0.47).(a) The fitted refractive indices
(n). The inset shows the spectra in the wavelength range of 240-400 nm. (b) The fit-
ted extinction coefficients (k). The inset shows the spectra in the wavelength range
of 195-350 nm.

increasing temperature from 300 to 823 K. These results are also
in agreement with the previously published ones [4,8,11].

Fig. 8 shows the optical constants extracted by SE fitting for the
other three samples at the highest temperature of 823 K, compared
with the fitting results at 300 K. It is observed that as the tempera-
ture rises, the refractive index increases noticeably stronger in low
Al samples than that in high Al samples. For instance, in the wave-
length of 1650 nm, the increase of refractive index is 0.029 (from
2.177 to 2.206) for Alp35GaggsN, while the increase of refractive
index is 0.012 (from 2.075 to 2.087) for Al 75GagsN with increas-
ing temperature.

The single oscillator approximate Sellmeier equation can be
used to describe the SE-derived refractive index spectra in the
transparent region [24] for the quantitative analysis:

1/2

=R (4)

where X is the wavelength (nm), A and B (nm?2) are the fit-
determined parameters. The regression fitted A and B at elevated
temperatures for the four samples are plotted in Fig. 9. We note
that the values of A and B decrease with the increasing Al content,
and increase at elevated temperatures. Furthermore, the variation
of Awith the function of temperature is more noticeable in lower Al
content samples than that of higher Al content samples. A quadratic
equation can be employed to fit and describe the temperature-
dependent Aand B, as shown in Fig. 9. Thus, an analytical expression
n (A, T) can be obtained from the quantitative analysis, and the
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Table 3
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The fit parameters in Eq. (5) for different Al content.

Al content x Ao A (x105K1) Az (x1077K2) Bo (nm?) B; (nm2K-1) B, (x10-3 nm2 K-2)
0.35 3.651+£0.008 4.03+0.30 1.74+0.03 29103 £39 1.21+£0.14 1.69+0.12
0.47 3.589+0.007 0.72+0.26 1.98 +£0.02 28515+94 -0.80+0.35 429+0.31
0.60 3.546 +0.007 4.63+0.27 0.72 +£0.02 26133 +£81 —4.52+0.30 7.25+0.26
0.75 3.281+0.003 0.57+0.11 0.75+0.01 24059 +70 —-2.72+£0.28 6.62+0.23

b (a) X=0.35 (300K) 3.94{@)

\ ====x=0.35 (823K) e Values from Sellmeier equation
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Fig. 8. Fitted optical constants of AlyGa;xN (x=0.35, 0.60 and 0.75) at 300 and
823 K. (a) Refractive indices (n) vs. wavelength. (b) Extinction coefficients (k) vs.
wavelength.

parameter values in this expression (Eq. (5)) for different Al content
are listed in Table 3.

B AT 2
A(T) = Ag + AT + A, T? )

B(T) = By + B1T + B, T2

4.4. Dependence of the bandgap on temperature

Using the same methods presented in section 4.1, the square of
the absorption coefficient (a?) vs. photon energy in the tempera-
ture range of 300 K < T < 823 K for the four samples can be obtained
from the SE fitting results and then the optical bandgap can be
calculated from the linear fit, as shown in Fig. 10 and Fig. 11. It
is clear that, similar to the peaks of refractive index, the absorp-
tion edge also shift to the lower energy (red-shift) with rising
temperature for all Al composition AlyGa;_xN. This result indicates
that the bandgap decreases with the increase of temperature, as
shown in Fig. 11. For semiconductors, the reduction of bandgap
with increasing temperature is generally due to the lattice ther-
mal expansion and the change in the acoustic and optic phonons
involved electron-phonon interactions [9,34]. As the temperature
rises, the inter-atomic spacing increases. That is influenced by two
factors: the increasing amplitude of the atomic vibrations due to the
increased thermal energy, and the thermal expansion. An increased
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Fig. 9. Plots of A and B in the Sellmeier equation and the quadratic fit for the
temperature-dependent A and B.
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Fig. 10. The square of the absorption coefficient (a?) vs. photon energy at elevated
temperatures (300-823 K) for AlxGa;xN(x=0.47) sample.

inter-atomic spacing decreases the potential energy of electrons,
which in turn reduces the bandgap energy [35]. According to these
principles, high compressive strain also can cause an increase of
the bandgap.

Fig. 11 also shows the temperature dependence of Eg reported
by Ref. [10]. For the purpose of precise comparison with the results
from this work, we only present the temperature-dependent Eg
for the AlxGa; 4N (x=0.60) sample used in Ref. [10], which is
directly obtained by the least squares fit of PL measurements
with the Vashni equation. While the temperature-dependent Eg for
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Table 4
The fit parameters of ag and 6 of AlyGa;«xN (0 <x < 1) epi-layers using Eq. (6).
Al content x ag(meV) % (K) Temperature range Techniques Reference
0 11246 386+15 290-580 PL [11]
0 158 +4 564420 10-700 PL [39]
0 158 +8 569+ 19 30-690 SE [40]
0.35 210+10 691426 300-823 SE This work
0.47 260415 735431
0.60 313+18 790 + 34
0.75 475412 980+17
1 670+40 1000+ 50 10-800 PL [39]
56] = This work of ag and 0 both increase with the increasing Al content, indicat-
5.4] * Ref.10 ing that the electron-phonon interaction is enhanced in AlGaN thin
5] —— Eq. 6 (Bose-Einstein) films with high Al content.
5.0 1 =
s - x=0.75 5. Conclusion
B S + x=0.60 The influence of Al content (0.35 <x<0.75) and temperature
\ (300K <T<823K) on optical properties of epitaxial AlxyGa;xN
\'«—»\.ﬁ\_ x=0.47 layers has been studied with high accuracy by spectroscopic ellip-
x=0.35 sometry. It has been illustrated that the surface morphologies and

3.8 — T T —
300 400 500 600 700 800 900

Temperature (K)

Fig. 11. Temperature dependence of the bandgap energies between 300 and 823 K
for AlyGa;xN samples (0.35 <x <0.75), compared with the reported results from
Ref. [10]. The solid red line represents the best fitting results using Eq. (6).

AlxGa; xN (x=0.35,0.47,and 0.75) in Ref. [ 10] should be calculated
by combining Eq. (2)-(6) presented in Ref. [10], which can lead to
relatively large error, as illustrated in Ref. [36]. It is observed that
the values of bandgap in Ref. [10] lie slightly above the one in this
work at 300 K, which can be attributed to the different structure and
strain of samples between our work and Ref. [10]. The thickness of
the AlxGa;xN (x=0.60) epi-layer used in Ref. [10] (1 wm) is larger
than the one used in this work (502 nm). The increased thickness of
AlGaN epi-layer can enhance the compressive strain, which induce
a decrease of the distance of the average inter-atomic, and lead to
the increase of the bandgap [8,18]. The dependence of bandgap on
thickness has been reported for various semiconductors [21,37,38].
As we can see from Fig. 11, when the temperature increases the
reduction of the bandgap are more pronounced in high Al content
samples than that in low Al content. From 300 to 823 K, the whole
reduction value of Eg is 0.37 eV for x=0.75 compared with the value
of 0.27 eV for x=0.35. The reason is that the strength of the average
electron-phonon interactions in AIN is much stronger than that in
GaN [39].

For the further quantitative analysis of temperature-dependent
optical bandgap, the phenomenological Bose-Einstein equation can
be used to describe the energy bandgap as a function of temperature
[36,39]:

E(T) = E(0) - 2as/[exp(2) - 1], ®)

where E(0) is the bandgap energy at 0K, ap is the strength of the
average electron-phononinteraction, and 6 is the average phonon
temperature.

Using Eq. (6) we can do the least squares fit to the data of our
samples, and the fitted values are listed in Table 4. We also list the
fitted values for AIN and GaN epi-layers in the similar temperature
range from other literature for comparison. The values of ag and 6
for AlxGaj_xN layers (0.35 <x <0.75) in this work are all below the
ones for AIN layers and above the ones for GaN layers in the lit-
erature, which is in accordance with the physical mechanism and
confirm the accuracy of our fitting results. Furthermore, the values

crystal qualities of the samples with x=0.47 and 0.60 are better
than those with x=0.35 and 0.75. With increasing temperature,
the refractive indices increase in the transparent region, and the
optical bandgap values decrease for all studied samples. The fit-
ted parameters (A and B) of the Sellmeier equation to describe the
temperature-dependent refractive index in the transparent spec-
tral range both increase with decreasing Al content and increasing
temperatures. The reduction of band gap with temperature is more
pronounced for higher Al content, indicating that electron-phonon
interaction increases in Al-rich AlGaN films. The quantitative analy-
sis of temperature-dependent refractive index and optical bandgap
have been proposed, which enable us to predict the thermo-optic
effect and optimize the optical properties of AlxGa;_xN based high-
temperature power device at elevated ambient or self-heating
temperature up to 823 K.
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