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Measurements of the temperature dependence of transmission have been carried out on AlInN thin
films grown by reactive radio-frequency magnetron sputtering on 共0001兲 sapphire substrates. By
following a detailed procedure developed for analyzing the transmission spectra, we obtained more
reliable data for the effects of temperature on the optical properties of AlInN. Two sets of
temperature and photon-energy dependence of empirical formulas have been established for the
absorption coefficient, bandgap, Urbach bandtail, and refractive index, which not only unify various
experimental data reported in the literature but also provide a database of the optical properties of
AlInN based on experimental results. It was found that the shift in the temperature dependence of
the bandgap increases with the Al content and that the Urbach bandtail parameter is closely related
to the structural characteristics of the AlInN thin films. These optical properties provide an
experimental basis for further theoretical investigation and the design of AlInN-based devices.
© 2009 American Institute of Physics. 关DOI: 10.1063/1.3160299兴
I. INTRODUCTION

With a wide variable bandgap range, ternary AlInN has
great potential for applications in light-emitting diodes, laser
diodes, solar cells, high-electron-mobility transistors, and
highly reflective distributed Bragg reflectors in the ultraviolet
共UV兲 region.1–5 For example, Al0.83In0.17N has been used as a
strain free cladding layer on a GaN-based laser diode structure, leading to a reduction in the number of defects because
it is lattice-matched to GaN.3–5 The material properties of
AlInN alloys have been studied experimentally1–16 and
theoretically.17–23 Starosta11 synthesized AlInN polycrystalline films by a reactive multitarget sputtering method. Subsequently, the bandgap energy 共Eg兲 of AlInN alloys has been
obtained from the transmission spectra of such polycrystalline films, usually by linear extrapolation.12–16 However,
without detailed theoretical analysis, Eg cannot be yielded
accurately from the optical spectra owing to the poor absorption edge of AlInN.
It is possible to classify the absorption spectrum of
AlInN into two regions: one is the intrinsic absorption region, which results from the optical transitions of electrons
from the valence band to the conduction band, and the other
is the Urbach absorption region, which results from interactions other than band-to-band transitions, such as electron
holes, electron phonons, and electron impurities. Yamaguchi
et al.14,15 reported both the intrinsic absorption coefficient
共on the order of 104 – 105 cm−1兲 and the Urbach bandtail energy 共EU兲 of AlxIn1−xN thin films grown by metalorganic
vapor phase epitaxy with x from 0.42 to 0.86, but the tendency of EU cannot be explained by the full width at half
maximum 共FWHM兲 of x-ray diffraction 共XRD兲 spectra oba兲
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tained from their samples. Yeh et al.16 demonstrated a similar
room-temperature intrinsic absorption coefficient for AlInN
thin films grown by radio-frequency 共RF兲 reactive sputtering.
Furthermore, the refractive index 共n兲 is another important
parameter in the design of AlInN-based devices. Most
researchers24 have assumed n to be a constant value of 2.0
for AlInN with different Al contents, while Peng et al.13
demonstrated the photon-energy dependence of the roomtemperature refractive index of AlxIn1−xN with x from 0.18
to 1.0 from the reflectivity spectra. To the best of our knowledge, there has been no systematic study of the temperature
and wavelength dependences of the optical properties of
AlInN thin films.
A detailed knowledge of the optical properties of AlInN
thin films is both of scientific interest and of importance for
device applications. In this paper, we present a comprehensive experimental and theoretical investigation of optical
transmission, which not only provides much more reliable
date for the optical properties of AlInN but also addresses the
dependence of these optical properties on temperature, wavelength, and Al content. We further provide a database of the
optical properties of AlInN based on experimental results by
establishing two sets of temperature and photon-energy dependence of empirical formulas for the absorption coefficient, bandgap, Urbach bandtail, and refractive index.
II. EXPERIMENTAL DETAILS AND STRUCTURAL
CHARACTERIZATION

The AlInN films were prepared on 共0001兲 sapphire substrates by reactive RF magnetron sputtering in an ambient of
argon and nitrogen.25 The sapphire substrates were chemically cleaned, degreased in organic solvents, etched in an
acid solution, and then rinsed in de-ionized water. During the
growth, the substrate temperature, total gas flow rate, and
pressure were maintained at 100 ° C, 3 SCCM 共SCCM de-
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FIG. 1. 共a兲 XRD, 共b兲 Al K-edge XANES, 共c兲 PL, and 共d兲 transmission
spectra of the Al0.25In0.75N thin film at room temperature.

notes standard cubic centimeter per minute at STP兲, and 10
mTorr, respectively. Indium and aluminum plates were separately mounted onto the targets, and the sputtered area was
varied to obtain AlInN films with the desired composition.
The indium and aluminum plates were simultaneously sputtered at RF powers of 100 and 200 W, respectively, while the
substrate was rotated at a constant rate of 30 rpm. Five
AlInN samples with Al contents of 0, 0.05, 0.25, 0.40, and
1.0, and thicknesses of 0.690, 0.380, 0.315, 0.205, and
0.105 m 共obtained by a Tencor Instruments Alpha-step 200
device兲, respectively, were selected in the present study. The
Al contents within the AlInN thin films were obtained by
XRD measurements using a Philips X’Pert diffractometer
and confirmed by x-ray absorption near-edge fine structure
共XANES兲 experiments carried out at beam line BL1A of the
UVSOR facility at the Institute for Molecular Science,
Japan.2 The temperature dependence of transmission was
measured using a Jobin Yvon 460 monochromator. Photoluminescence 共PL兲 spectra were recorded using a Jobin Yvon
LabRAM HR 800UV micro-Raman system with an Andor
DU420 classic charge-coupled-device detector.
Figure 1共a兲 shows the XRD pattern of the Al0.25In0.75N
thin film. The 共0002兲 diffraction peak of AlInN can be observed together with the 共0006兲 reflection from the sapphire
substrate. Neither of the 兵102其 and 兵103其 peaks of AlInN,
which have stronger intensity than the 共0002兲 peak for a
polycrystalline sample,13 were detected. This result suggests
that the AlInN film is highly oriented in the c-plane with a
wurtzite structure and that the c-axis of AlInN crystal is
aligned normally to the substrate surface. The Al content was
determined using Vegard’s law, which states that the change
in composition is proportional to the change in the lattice
constant. Vegard’s law is considered to be valid for determining the composition in III-V nitrides such as InGaN,26,27 and
its validity for AlInN has been confirmed from the estimation
of equilibrium volume by an ab initio pseudopotential
calculation.17 Although the exact validity of Vegard’s law in
the case of AlInN has been challenged recently,28 the reported deviations would not modify the derived InN mole
fractions by more than 1% on an absolute scale.29

Figure 1共b兲 shows the room-temperature experimental Al
K-edge XANES spectra of the Al0.25In0.75N thin film, as well
as the theoretical results computed on the basis of selfconsistent-field real-space multiple-scattering-theory calculations using the FEFF8 code,30 showing three peaks A, B, and
C. The main peak labeled B can be clearly observed in all
samples that include Al. Its intensity increases with increasing Al content, although a linear relationship was not observed because the intensity depends on both the Al content
and the sample thickness and size. By comparing the theoretical results with the experimental data, we find that the
two spectra are in satisfactory agreement, although there are
a few shifts in peak positions and differences in intensity,
which may be due to errors in the theory.30 We have demonstrated that the Al K-edge XANES spectra of AlInN films
give indications of their composition.2

III. THEORETICAL MODEL

In modeling the transmission spectra of the AlInN thin
film samples, we consider the multiple reflections at three
interfaces: air to AlInN epilayer 共thickness dAlInN兲 共subscript
1兲, epilayer to transparent sapphire substrate 共thickness
dsapphire兲 共subscript 2兲, and substrate to air 共subscript 3兲. The
transmission for light passing through the samples can then
be calculated using
T1,3 =

共1 − R1兲共1 − L兲T2,3a1
1 − R1共1 − L兲R2,3a21

,

共1兲

with
T2,3 =

共1 − R2兲共1 − R3兲a2
1 − R2R3a22

R2,3 = R2 +

,

R3共1 − R2兲2a22
1 − R2R3a22

,

a1 = exp共− ␣AlInNdAlInN兲,
a2 = exp共− ␣sapphiredsapphire兲.
The parameter L denotes the fraction of light loss at the
epilayer surface and is treated as a variable to match the
calculated transmission with the measured transmission. R1,
R2, and R3 are the reflectivities at the three interfaces, with
corresponding subscripts, and can be obtained from
R=

共ni − n j兲2
.
共ni + n j兲2

共2兲

The refractive indices of AlInN and sapphire can be obtained from the theoretical calculation using a modified dielectric function model proposed by Adachi.31,32 The real
part 1 of the complex dielectric function 共E兲 as a function
of energy E is described by the sum of four terms. They are
the lowest direct gap E0 dependence of the interband transition contribution 1i, the excitonic contribution 1e at the
critical points E0, the free-carrier contribution 1f , and the
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2i共E兲 =

AEnCE
,
共E2 − E2n兲2 + C2E2

2i共E兲 = 0,

E ⬎ Eg ,

E ⱕ Eg ,

共3a兲
共3b兲

冕

⬁

2i共兲
2
2 d ,
Eg  − E

共4兲

where P denotes the Cauchy principal part of the integral.
According to Ref. 35, the excitonic contribution 1e can
be expressed as
⬁

1e共E兲 =

A

ex

0
,
兺
3D
3
2
m
关E
−
共G
/m
兲 − E − i⌫0兴
m=1
g

共5兲

0

where Aex0 is the three-dimensional 共3D兲 exciton strength
parameter, G3D0 is the 3D exciton binding energy, and ⌫0 is
a damping broadening constant related to the lifetime broadening of the electronic states, which affects the dielectric
function in the E0-gap region. Adachi31,32 showed that the
model can explain the experimental dielectric function data
accurately without taking into account the broadening constant. Therefore, we have also omitted ⌫0 in our model since
no detailed information on ⌫0 for AlInN thin films is yet
available. On the basis of the quasiclassical Boltzmann equation and Drude–Zenter theory,36 the free-carrier contribution
1f can be described as
1f 共E兲 =  f⬁ −  p2/2 =  f⬁ − b/E2 ,

共6兲

where  f⬁ is the high-frequency dielectric constant of the
lattice,  p2 = 共4nee2兲 / mⴱ is the plasma frequency, and e, ne,
and mⴱ are the electron charge, the free-electron concentration, and the effective electron mass, respectively.
By combining Eqs. 共4兲 and 共5兲 with Eq. 共6兲, we obtain
the following expression for 1:
1共E兲 = 1⬁共E兲 + 1i共E兲 + 1e共E兲 +  f⬁共E兲 − b/E2 ,

共7兲

where the contributions 1⬁ are due to the higher-lying bands
共E1, E1 + ⌬1, and E2兲. We can then obtain the imaginary part
of the complex dielectric function using the KK transformation 共KKT兲,37
2共E兲 = −

2E


冕

⬁

0

 1共  兲
d .
2 − E2

共8兲

Finally, the refractive index n can be obtained as follows:
n=

冑

+

21兲1/2
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FIG. 2. Urbach and intrinsic absorption coefficient 共solid curves兲 of the
AlInN thin films at room temperature. The open circles and squares represent experimental data reported in Refs. 44 and 45, respectively.

Including the Urbach exponential absorption edge and
the square root of intrinsic absorption, we can write the absorption coefficient of AlInN thin films as39

␣共E兲 =

再

␣0 exp关共E − Ee兲/EU兴, E ⬍ Eg
E ⱖ Eg ,
␣d共E − Eg⬘兲1/2 ,

冎

共10兲

where the physical origins of the above four bandgap parameters are given as follows:39,40 Ee coincides roughly with the
energy of the lowest free exciton energy at 0 K, Eg⬘ is the
bandgap energy of the material without bandtail distortions,
and EU is the Urbach bandtail parameter. These material parameters, including a0 and ad, are linked through their continuity at the energy bandgap Eg.
IV. RESULTS AND DISCUSSION

We start with the transmission and PL spectra of the
AlInN thin films to obtain their detailed optical properties.
Figures 1共c兲 and 1共d兲 show the room-temperature PL and
transmission spectra 共with the laser incidence normal to the
surface and a peak energy EPL of 1.905 eV兲 of the
Al0.25In0.75N film, respectively. It is clear that the theoretical
transmission results calculated from Eqs. 共1兲, 共2兲, 共3a兲, 共3b兲,
and 共4兲–共10兲 fit the experimental data very well, yielding a
transmission energy EgTR of 2.285 eV. From the PL and
transmission spectra, an energy difference of about 380 meV
is deduced, corresponding to a large Stokes shift compared
with that usually measured in AlGaN or low-indium-content
InGaN alloys.41,42 Such a large energy difference between
the band edge and luminescence of AlInN has been observed
by Butte et al.43 and Wang et al.9 and can possibly be ascribed to fluctuations in the In composition or to the presence
of deep defects or impurities acting as preferential recombination centers. Through the calculations for the temperature
dependence of the transmission spectra, we can extract, as
discussed below, the detailed temperature dependence of the
optical properties of AlInN, such as the absorption coefficient ␣, bandgap Eg, Urbach bandtail parameter EU, and refractive index n.
A. Absorption Coefficient

38

共21

InN
5

Photon Energy (eV)

where A is the amplitude constant, En is the transition peak
energy, C is the broadening term, and Eg is the bandgap. 1i
can be obtained by Kramers–Kronig 共KK兲 integration
2
1i共E兲 = 1 + P


-1

additive constant 1共⬁兲, which is the background dielectric
contribution arising from the higher-lying-gap transitions,
such as the E1, E1 + ⌬1, and E2 transitions.
The interband transition contribution 1i is obtained by a
Lorentz calculation of the imaginary part of the dielectric
function 2i for a collection of non interacting atoms.33,34 If a
single transition is considered, 2i is given by

Absorption Coefficient (cm )

013515-3

共9兲

Figure 2 shows the obtained Urbach and intrinsic absorption coefficient 共solid curves兲 of the AlInN thin films at
room temperature. It can be clearly seen that the Urbach
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exponential absorption and the square root of intrinsic absorption are closely linked at the turning points ag 共the absorption coefficient at E = Eg兲. To demonstrate the reliability
of the obtained absorption coefficient, we have also shown in
Fig. 2 the results reported in the literature for a direct comparison: the room-temperature absorption coefficients of InN
from Ref. 44 共open circles兲 and AlN from Ref. 45 共open
squares兲. It is clear that the present results are in reasonably
good agreement with the data reported by our previous study
and by the other group using a different growth method.
Furthermore, we established an overall empirical base
for the temperature and photon-energy dependence of the
absorption coefficient of AlInN through the absorption and
bandgap parameters in Eq. 共10兲. The absorption parameters
a0 and ad are usually independent of temperature and proportional to temperature in semiconductors, respectively.46 In
the case of AlInN, the absorption parameter a0 is also found
to be a constant, while ad has a linear dependence on temperature. The temperature dependence of the bandgap parameters Eg, Ee, and Eg⬘ can be accurately described by the empirical Varshni equation. For the Urbach bandtail parameter
EU, we employed the theoretical dependence of the bandtail
discussed in Sec. IV C. As a result, the overall absorption
coefficient of AlInN can be described by Eq. 共10兲 through the
following empirical formulas:

␣ d = ␣ 1 − ␣ 2T

共cm−1兲,
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␣g = ␣0 exp关共Eg − Ee兲/EU兴

InN
Al0.05In0.95N
Al0.25In0.75N
Al0.40In0.60N
AlN

Samples

a0
共104 cm−1兲

a1
共105 cm−1兲

a2
共cm−1 / K兲

Eg共0兲
共eV兲

␤1
共10−4 eV/ K兲

␤2
共K兲

Ee共0兲
共eV兲

␤4
共K兲

␤5
共10−4 eV/ K兲

␤6
共K兲

EU共0兲
共meV兲

EU
共meV兲
E⬘g
共eV兲
Ee
共eV兲
Eg
共eV兲
ad
共cm−1兲

TABLE I. Parameters for the set of empirical formulas 关Eq. 共11兲兴 used to describe the temperature dependence of the absorption coefficient, bandgap, and Urbach bandtail in the AlInN thin films.
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␤8
共meV兲

013515-4

共cm−1兲,

Eg共T兲 = Eg共0兲 − ␤1T2/共␤2 + T兲

共eV兲,

Ee共T兲 = Ee共0兲 − ␤3T2/共␤4 + T兲

共eV兲,

Eg⬘共T兲 = Eg⬘共0兲 − ␤5T2/共␤6 + T兲

共eV兲,

EU共T兲 = EU共0兲 + ␤7T3/2 + ␤8 coth

បLO
2kBT

共meV兲,

共11兲

with the parameters in these formulas listed in Table I for
different Al contents.
B. Energy Bandgap

The conventional method of linear extrapolation from
transmission/absorption spectra is not very accurate for the
determination of the energy bandgap, particularly for the
case of a flat absorption edge. Our above detailed calculation
of the transmission spectra yields a more reliable and precise
bandgap Eg than that obtained from the conventional method
of linear extrapolation. Figure 3共a兲 shows the obtained roomtemperature transmission bandgap Eg 共300 K兲 共closed
circles兲 as a function of Al composition, together with the PL
peak energy 共open squares兲, as well as our very recently
reported values for AlInN with different contents10 共open
circles兲 and the experimental results for a high Al content
reported by Kim et al.47 共closed triangles兲. Wright and
Nelson17 performed the first-principles calculations on the
bandgap energy of AlInN using the plane-wave pseudopotential method, which is based on the Kohn–Sham formulation
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and implicitly depends on temperature兲, and carrier-phonon
interaction 共which mainly depends on temperature兲, EU has
the form of49
of density-function theory. They argued that their results for
the bowing parameter of wurtzite AlInN are correct because
the predicted lattice constants and the c / a ratio are within
about 1% of the measured experimental values. We have
plotted their calculated values as a solid curve in Fig. 3共a兲. It
was found that the listed experimental bandgap follows reasonably closely the theoretically predicted curve. Furthermore, we found that the difference between the transmission
bandgap and PL peak energy, i.e., the Stokes shift, becomes
large with increasing Al content 共x = 0 , 0.05, 0.25兲, which has
a similar tendency to the Urbach bandtail of the samples.
Figure 3共b兲 shows the shift in the temperature dependence of the bandgap 关Eg共T兲 − Eg共300 K兲兴, together with that
obtained from the empirical Varshni fitting of Eq. 共11兲 共solid
curves with the fitting parameters listed in Table I兲 of the
AlInN thin films. The obtained parameters, ␤1 共constant兲 of
0.40 meV/K and ␤2 共Debye temperature兲 of 570 K, for InN
are close to the tabulated values of 0.25 meV/K and 624 K.7
Moreover, it is interesting to note that the shift becomes large
with increasing Al content. This is because the magnitude of
the bandgap energy shift strongly depends on the V group
elements in the III-V semiconductor compounds and increases in the order of N, Al, and As.48 Equation 共11兲 and
Table I also give the temperature dependence of the other
two bandgap parameters, Ee and Eg⬘, which have the same
variation law as the energy bandgap Eg.

C. Urbach Bandtail

The temperature dependence of the bandtail characteristics in AlInN are also analyzed using our recently proposed
bandtail theory,49 which is based on the calculation of the
density of occupied states and the carrier-phonon interaction
using the adiabatic approximation. A quantitatively analytical
formulation for the bandtail parameter EU can be deduced by
taking into account the structural disorder, carrier-impurity
interaction 共which mainly depends on carrier concentration

3
4  2Z 2q 4m *L D
1
EU共T兲 = kBUD +
关共1 − 1/e兲nd + NBD兴
2
9冑32ប2

冉 冊

+ F coth

បLO
,
2kBT

共12兲

where kB is the Boltzmann constant, U is the lattice strain
related to the structural disorder, D is the Debye temperature, Z is the impurity charge, q is the electron charge, mⴱ is
the carrier effective mass,  is the static dielectric permittivity, ប is Planck’s constant divided by 2, nd is the carrier
concentration difference between the center n0 and the surface of the grain 共the grain boundary contribution兲, NBD is
the effective trap charge distribution 共the grain defect contribution兲, F is a constant, and បLO 关obtained by linear interpolation between the values of 995 cm−1 for AlN 共Ref. 50兲
and 73 cm−1 for InN 共Ref. 51兲兴 is the longitudinal-optical
共LO兲 phonon energy in AlInN 共the thermal contribution兲. The
Debye length LD is given by
LD =

冉 冊
kBT
q 2n 0

1/2

.

共13兲

The first term in the right-hand side of Eq. 共12兲 is due to the
contribution of structural disorder, which is independent of
temperature, carrier concentration, and impurity concentration, and therefore can be regarded as constant for materials
grown under the same growth conditions. The final equation
of Eq. 共11兲 is a simplified version of Eq. 共12兲.
Figure 4共a兲 shows the room-temperature Urbach bandtail
EU for our AlInN films 共open squares兲 together with bandtail
data for other AlInN films from Ref. 15 共closed squares兲. It
can be clearly seen that the bandtail EU of AlInN increases
linearly with Al content from 0 to 0.8, corresponding to the
decrease in the structural quality observed by XRD with the
FWHM shown as open circles, owing to the formation of
lattice defects and disorder in the ternary structure. With a
further increase in Al content, EU is expected to decrease and
approach the other binary AlN end. The same tendency of EU
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ergy, which is due to higher-lying-gap transitions.46 Furthermore, the reported data for n are also shown in Fig. 5 for a
direct comparison: the closed squares represent data from
Ref. 52, open squares represent data from Ref. 36, and open
circles represent data from Ref. 44. There is good agreement
between the reported data and our obtained values, further
demonstrating the reliability of our results for AlInN.
To summarize the temperature and wavelength dependences of the refractive index characteristics of AlInN, we
find that they can be described well by an empirical Sellmeier equation53 through fitting the experimental data below
the bandgap as follows:
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n共,T兲2 = m1 + m2/关1 − 共m3/兲2兴 + m42 ,

FIG. 5. Photon-energy dependence of the values of the refractive index n of
AlInN with different Al contents at 300 K. Also shown for comparison are
the refractive index reported in Ref. 52 共closed squares兲, Ref. 36 共open
squares兲, and Ref. 44 共open circles兲.

共14兲

where m1, m2, m3, and m4 are the fitting parameters, which
depend on temperature T, and  is the wavelength in m.
The best fit yields

has been found in the ternary AlGaN system, whose maximum EU is also at the Al content of 0.8.52 Figure 4共b兲 shows
the obtained temperature dependence of the Urbach bandtail
EU of the AlInN films together with that obtained theoretically using Eq. 共12兲 共solid curves with the fitting parameters
listed in Table I兲. The good agreement demonstrates the reliability of the semiconductor bandtail theory.49 In comparison with our previously reported temperature dependence of
EU for InN 共Ref. 44兲 and AlN 共Ref. 46兲 thin films, the obtained EU for AlInN with different Al contents exhibits a
similar temperature dependence. It was found that the structural disorder term dominates the interactive terms for the
AlInN thin films. The thermal contribution of AlInN is only
2–4 meV at room temperature 共300 K兲. The small thermal
contribution due to the thermal displacement of the ions reveals that the carrier-phonon interaction in AlInN is weak.

m1 = ␥1 − 1T,
m2 = ␥2 − 2T,
m3 = ␥3 − 3T,
m4 = ␥4 − 4T,

共15兲

with the parameters in these formulas listed in Table II for
different Al contents.
Using the empirical formulas in Eqs. 共14兲 and 共15兲, we
can obtain the refractive index as a function of temperature
and wavelength for AlInN below the bandgap, as well as the
rate of refractive index change with temperature dn / dT.
Shown in Fig. 6 is the obtained temperature dependence of
the refractive index of the five AlInN samples, together with
the calculated results from the above Sellmeier equation
共solid curves兲 at a photon energy of 1.7 eV 共slightly above
the obtained bandgap of InN兲. It can be seen that all the
calculated results fit the data very well. In addition, we also
found that the refractive index has a positive temperature
coefficient, i.e., for InN it increases by 0.084 when the temperature increases from 10 to 300 K at 1.7 eV. The positive
temperature coefficient, which can also be understood by
considering the KKT,46 is related to the negative temperature
dependence of the AlInN energy bandgap shown in Fig. 3.
The change in the refractive index with temperature decreases with increasing Al content in AlInN. The resultant
values of dn / dT near the bandgap of 2.91⫻ 10−4 K−1 for

D. Refractive Index

Finally, in Fig. 5 we show the photon-energy dependence of the refractive index n of AlInN with different Al
contents at 300 K. A peak can be clearly observed in every
refractive index spectrum. In the previous paper,46 we explained the appearance of these peaks in semiconductors in
detail using KKT analysis, the peak positions correspond approximately to the energy bandgaps. As a result, the peak
position of the refractive index for AlInN shifts with changing Al content, exhibiting behavior closely related to that of
the energy bandgap. At photon energies considerably above
the bandgap, the refractive index increases with photon en-

TABLE II. Parameters for the empirical Sellmeier equation 关Eqs. 共14兲 and 共15兲兴 used to describe the temperature dependence of the refractive index n of the AlInN films with different Al contents below the bandgap.

Samples
InN
Al0.05In0.95N
Al0.25In0.75N
Al0.40In0.60N
AlN

1

2

3

4

␥1

共10−4 / K兲

␥2

共10−4 / K兲

␥3

共10−5 / K兲

␥4

共10−6 / K兲

5.091
4.951
4.757
4.410
3.560

1.492
0.527
0.134
0.063
⫺7.065

0.623
0.778
0.792
0.849
0.458

2.018
0.315
0.143
0.052
7.011

0.618
0.570
0.511
0.447
0.197

5.027
3.119
5.562
0.824
0.642

⫺0.170
⫺0.170
⫺0.171
⫺0.172
⫺0.175

⫺9.912
⫺1.816
⫺5.878
⫺1.005
⫺1.913
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FIG. 6. Experimental temperature dependence of the refractive index of the
AlInN thin films, together with the results calculated from the Sellmeier
equation 共solid curves兲, at a photon energy of 1.7 eV.

InN and 1.38⫻ 10−4 K−1 for AlN are close to our reported
values of 3.04⫻ 10−4 K−1 in Ref. 44 and 1.56⫻ 10−4 K−1 in
Ref. 46, respectively.
V. CONCLUSIONS

We have presented the results of a comprehensive experimental and theoretical study of AlInN thin films with
different Al contents. By carrying out a detailed calculation
of the transmission profile considering both the square root
of intrinsic absorption and the Urbach exponential absorption
edge, we demonstrated reasonably good agreement between
the theoretical and experimental transmission. We determined the effects of temperature on the optical properties of
AlInN, such as the absorption coefficient, bandgap, Urbach
bandtail parameter, and refractive index. It was found that
both the bandgap of AlInN and its shift with temperature
become large with increasing Al contents and that the Urbach bandtail parameter is closely related to the structural
characteristics. The temperature and photon-energy dependences of the absorption coefficient, bandgap, and Urbach
bandtail parameter were described by a series of empirical
formulas. The temperature dependence of the refractive index dispersion below the bandgap was found to obey a Sellmeier equation. These two sets of empirical formulas not
only unify the various experimental data reported in the literature but also make a database of the optical properties of
AlInN based on experimental results. All these optical properties are essential for the realization of AlInN-based devices.
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