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A theoretical study of Al;_,Ga:N, based on the full-potential linearized augmented plane wave
method, is used to investigate the variations in the bandgap, optical properties, and nonlinear
behavior of the compound with the change in the Ga concentration. It is found that the bandgap
decreases with the increase in Ga. A maximum value of 5.50 eV is determined for the bandgap of
pure AIN, which reaches a minimum value of 3.0 eV when Al is completely replaced by Ga. The
static index of refraction and dielectric constant decreases with the increase in the bandgap of the
material, assigning a high index of refraction to pure GaN when compared to pure AIN. The
refractive index drops below 1 for higher energy photons, larger than 14 eV. The group velocity of
these photons is larger than the vacuum velocity of light. This astonishing result shows that at higher
energies the optical properties of the material shifts from linear to nonlinear. Furthermore, frequency
dependent reflectivity and absorption coefficients show that peak values of the absorption coefficient
and reflectivity shift toward lower energy in the ultraviolet (UV) spectrum with the increase in Ga
concentration. This comprehensive theoretical study of the optoelectronic properties predicts that

the material can be effectively used in the optical devices working in the visible and UV spectrum.
© 2011 American Institute of Physics. [doi:10.1063/1.3531996]

I. INTRODUCTION

The group-III nitride family and their alloys are suitable
materials for optoelectronic applications in short wavelength,
high temperature high frequency, and high power electronic
devices."” Rare-earth doped AIN and GaN are effectively
used in photonic devices, electroluminescent devices, diode
lasers, medicine, and health physics.3_7 Accurate knowledge
of the bandgap and optical properties of these compounds is
very important for the design and analysis of various opto-
electronic and photonic devices. It is important to understand
fundamental optical properties over a wide range of wave-
lengths. In reality, optical properties reflect density of states
(DOS) of a compound, and their analysis is one of the most
effective tools to understand the electronic structure of a
material.*

Al;_,Ga,N and Al,_In\N are well suited materials as
photodetectors in the ultraviolet (UV) spectmm.lo Many ex-
perimental and theoretical studies have been performed on
the wurtzite structure of these ternary alloys,“_13 but not
much work has been done on the zinc-blende phase, since its
successful growth.M_16 The investigation of zinc-blende
structure of these materials is more important than wurtzite
structure due to its large optical gain and lower threshold
current density.17

Lee and Wang8 studied the electronic structure of zinc-
blende Al,_,Ga,N by local density approximation (LDA)
and screened-exchange LDA. Kanoun et al.’ reported the
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structural parameters and bandgap bowing in zinc-blende
phase of Al;_ Ga,N and Al,_JInN using density functional
theory with LDA. Bandgap nature of Al;_,Ga N (0=x=1)
is controversial. Experimental evidences™*! and theoretical
calculations'®!**1-2 suggest that the bandgap of Al,_,GaN
(0=x=1) is indirect for all concentration of Ga. While the
experimental results of Ref. 23 confirms the direct bandgap
nature of the compounds. In the theoretical calculations of
Refs. 18, 19, and 21, LDA and in Ref. 22 empirical-
pseudopotential method are used. But it has been confirmed
that generalized gradient approximation (GGA) is far more
superior for calculation of bandgaps than LDA.** In the
present theoretical investigations, Wu—Cohen GGA scheme?®
is used for the calculation of bandgaps and optical properties

of zinc-blende Al;_Ga,N (0=x=1).

Il. THEORY AND CALCULATION

The dielectric function e(w) of the electron gas, with its
strong dependence on frequency has a significant effect on
the physical properties of solids. It describes the collective
excitations of the Fermi—Sea, such as the volume and surface
plasmons. The dielectric function depends on the electronic
band structure of a crystal, and its investigation by optical
spectroscopy is a powerful tool in the determination of the
overall band behavior of a solid. It can be divided into two
parts, real and imaginary:

© 2011 American Institute of Physics
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g(w) = & () + igy(w). (1)

The imaginary part of the complex dielectric function &,(w)
in cubic symmetry compounds can be calculated by the fol-

lowing relation:>"%
8 ds
= P, (k) =——, 2
£2(0) sz% P OPS= 2)

&,(w) is strongly dependent on the joint DOS, ,,, and the
momentum matrix element, P,,,. While Kramers—Kronig re-
lation is used to calculate the real part of the dielectric func-
tion &,(w) from 82((,0)229

2 ® ! !
g(w) = 1+—pf %(wz)dw’. (3)
0

m

The values of the real and imaginary parts of the frequency
dependent dielectric function provide basis for the calcula-
tion of the refractive indices 7i(w). The refractive indices of
ternary alloys are important in the designing of a optical
parameters.30 The complex refractive index of a compound
is:

(w) = n(w) + ik(w) =" = (g, + ie,) 2, (4)

where n(w) represents the real part of the refractive index
and k(w) represents the imaginary part or the extinction
coefficient.”’ The real part of the refractive index n(w) and
the extinction coefficient k(w) can be calculated from &,(w)
and &,(w) using the following equations:

n(w) = \,1—5[{8,@)2 s e(@2 4+ £1()], (5)

1
n(w) = E[{81(w)2 + 82(“’)2}1/2 + 81(w)]1/2~ (6)

Using the above optical parameters n(w) and k(w); the fre-
quency dependent reflectivity, R(w), can be calculated by
using the following relation:

(n—1)72+k
= (7)

T+ 1) 4k

n—1

Rlw)= n+1

Similarly the absorption coefficient is given by Beer’s law:>!
aA="—""="—, (8)

The absorption coefficient can also be calculated from the
dielectric function:®'

() = 20k(0) = \20[{e,(0)* + £(0)?}? - &, ()]
)

In this article, all density functional calculations are per-
formed by the full-potential linearized augmented plane
wave method, using Wu—-Cohen GGA embedded in the
WIEN2K software.*” The details of calculation are reported in
our previous work.> %% In the present work we used
R}y;7K 10 =8.00 value for the plane wave cut-off in the inter-
stitial region. For the calculation of the optical properties of
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FIG. 1. Variation in direct bandgap with the concentration of X in
Al _,GaN (0=x=1)

Al _,Ga,N, a mesh of 3500 k-points is taken for the Bril-
louin zone integration in the corresponding irreducible
wedge.

lll. RESULTS AND DISCUSSION

Electronic bandgaps and optical parameters such as di-
electric constants and refractive indices for Al,_,Ga,N in
zinc blende phase are calculated. Figure 1 shows that the
calculated bandgap varies linearly as a function of Ga con-
centration. It is also found that the nature of bandgap for the
full compositional range of Ga in Al;_Ga,N (0=x=1) is
direct (Eér,_r). Our results are in agreement with the experi-
mental ones,23 and are in contradiction with the
experimenta120’21 as well as theoretical'®'*?""** results. They
are of the opinion that the bandgap of the compound is indi-
rect at (I'=X) symmetry points.

For x=0 in Al;_,Ga,N, the calculated direct bandgap of
pure AIN is, 5.50 eV. The direct bandgap of the material
decreases with the increase in the concentration of x. This
decrease saturates at x=1 and gives a direct bandgap of 3.00
eV for pure GaN. Moreover, our calculated results of the
bandgaps for Al,_,Ga,N (0=x=1) shown in Fig. 1, are
closer to the experimental results of AIN and GaN.** It is
further noted that our theoretical results are much improved
over those previously published.'9 The reason for our better
results is the effectiveness of Wu—Cohen potential in the
GGA scheme.”® The variation in the bandgap with the con-
stituent’ concentration occurs due to the difference in the
DOS.° It has already been reported that DOS affects band
structure of a compound and hence its bandgap also
varied.>>™’ Furthermore, differences in the DOSs of AIN and
GaN are responsible for making AIN as a wider bandgap
material than GaN. When some of the Al atoms are replaced
by Ga atoms in the AIN crystal, then the mixing of Al and Ga
in the compound is responsible for the change in the DOS.
At a higher Al concentration the distribution of the DOS of
Al is dominant, making the bandgap of the resulting material
closer to the bandgap of pure AIN. In a similar way at higher
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FIG. 2. (Color online) Frequency dependent dielectric functions of
Al_GaN (0=x=1). (Real part: black lines, imaginary part: gray lines.)

Ga concentration, the bandgap of Al;_,Ga,N is closer to pure
GaN due to the dominant effect of the distribution of the
DOS of GaN.

The variation in the bandgap of Al,_,Ga,N provides
promising results for optoelectronic devices. It covers a full
spectrum of wavelengths from visible to UV. Depending
upon the need and requirement of a particular application,
any desired bandgap can be achieved within a limit of 3.0 to
5.50 eV. Thus by varying the Ga concentration in Al,_ Ga,N,
optoelectronic devices in various regions of the spectrum can
be formed. It can also be used to construct quantum wells of
a desired width and depth.6’38’39

The calculated real and imaginary parts of the dielectric
function of Al,_,Ga,N at x=0, 0.25, 0.50, 0.75, and 1.0 for
the energy range 0 to 25 eV are shown in Fig. 2. It is clear
from the figure that for x=0, 0.25, 0.50, 0.75 and 1.0 the
critical points in the imaginary parts of the dielectric function
occurs at about 5.43, 4.70, 4.19, 3.53, and 2.86 eV. These
points are closely related to the direct bandgaps (Eg—r); 5.50,
4.78, 4.30, 3.60, and 3.0 eV of Al,_Ga\N at x=0, 0.25,
0.50, 0.75, and 1.0. It is clear from the figure that AIN have
strong absorption region 7.01 to 15.35 eV. This region con-
sists of different peaks. The width of the absorption region
decreases by changing the concentration of Ga from 0% to
100%, while the sharpness and height of the peaks increases.
The variations in the linear optical absorption region from
one compound to another can be related to its bandgap. Ma-
terials with bandgap less than 3.1 eV work well in the visible
light devices applications, while those with bandgap larger
than 3.1 eV can be used in UV applications.s’9 These promi-
nent variations in the optical absorption region with bandgap
of Al;_,Ga,N (3.0 to 5.50 eV) confirms the suitability of the
material for device applications in the major parts of the
spectrum; visible to UV.

Figure 2 also shows the calculated real parts of the com-
plex dielectric function &,(w) for Al;_,GayN. It is clear from
the figure that the static dielectric constant £,(0) and the low
energy limit of &,(w) are strongly dependent on the bandgap
of a compound. The calculated values of &,(0) versus band-
gap is plotted in Fig. 3. The plot shows an inverse relation of
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FIG. 3. Zero frequency limit of dielectric functions vs direct bandgap of
Al _,GaN (0=x=1).

£,(0) with the bandgap. The inverse relation of &,(0) with
the bandgap can be explained by the Penn model.*

e(0) = 1 + (hw,/E,)*. (10)

The above relation can be used to calculate E, using the
value of &,(0) and plasma energy #iw),. It is evident from Fig.
2 that the first hump for AIN appears at 7.16 eV. The hump is
shifted toward higher energies by increasing the concentra-
tion of Ga.

For all the investigated compounds of Al;_ Ga,N at x
=0, 0.25, 0.50, 0.75, and 1.0, &,(w) becomes zero at a certain
energy and then decreases to minimum values, with negative
numbers about 14.98, 14.35, 14.21, 13.58, and 13.45 eV. The
negative values of &,(w) show that in this energy region the
incident electromagnetic waves are totally reflected from the
medium, hence the material exhibits a metallic nature. The
negative values of &,(w) correspond to local maxima in re-
flectivity (Fig. 6). With further increase in energy it increases
and becomes zero at high energy limits.

The calculated refractive indices and extinction coeffi-
cients of Al;_Ga,N at x=0, 0.25, 0.50, 0.75, and 1.0 are
presented in Fig. 4. A broad spectrum for n(w) over a wide
energy range is noted for these compounds. The spectrum of
n(w) closely follow &,(w).> It is clear from the figure that
the refractive index of the material increases with the in-
crease in the Ga concentration in AIN. Figure 5 shows the
plot between n(0) and bandgap. The plot confirms the in-
verse relation of refractive index with the bandgap of
Al;_,GaN. Two different features can be observed in the
refractive index in Fig. 4. First, a maximum can be observed
in the form of a bump in the spectrum at a particular energy,
and second, the maximum shifts to a lower energy region
with the increase in Ga concentration. Pure AIN with x=0
has the broadest spectrum of n(w) with a maximum value
around 2.0 at 8.0 eV. At intermediate energies a few bumps
appear and then the curves vanish at higher energies. The
reason for these vanishing curves at higher energy is due to
the fact that, beyond certain energy, the material can no
longer act as transparent material and it absorbs high energy
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FIG. 4. (Color online) Frequency dependent refractive indices of
Al_,GaN. (Real part: black lines, imaginary part: gray lines.)

photons. Perhaps the large bandgap of AIN makes it trans-
parent up to high energy and frequency range.9 However, by
increasing the concentration of Ga the appeared bumps in
AIN change to sharp peaks. The peaks are clear in pure GaN.
At this point the refractive index reaches its maximum value
of more than 2.0 for the peak. Beyond this peak, the value of
n(w) dissipates rapidly. GaN absorbs most of the high and
intermediate energy photons and is transparent in the low
energy region due to the smaller bandgap of GaN than
AIN.*?

It is also clear from Fig. 4 that the refractive index falls
below unity at certain frequencies. Refractive index lesser
than unity (v,=c/n) shows that the group velocity of the
incident radiation is greater than c. It means that the group
velocity shifts to negative domain and the nature of the me-
dium changes from linear to nonlinear. In other words the
material becomes superluminal for high energy photons.‘”’42

A relationship between k(w) and energy is also shown in
Fig. 4. The response of k(w) to the varying constituent’ con-
centration of Al;_ Ga,N is closely matched to the response

oo Al 1xGa N

n(0)

. .
3 35 4 4.5 5 55 6
Eg(eV)

FIG. 5. Variation in static refractive index with bandgap of Al,_,Ga,N (0
=x=1).
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FIG. 6. Frequency dependent reflectivity of Al,_Ga,N (0=x=1).

of &,(w). This result shows a good agreement with the avail-
able literature.”’ The peak value shifts to lower energies as x
increases from O to 1.

Frequency dependent reflectivity, R(w), versus energy
for Al,_,Ga,N, is shown in Fig. 6. Peaks in the figure show
that for each concentration there is a maximum value of re-
flectivity. The maximum lies in the energy range 13-20 eV
and arises from the inter band transition. The minimum of
reflectivity that occurs in the energy range 8—10 eV is due to
the collective plasma resonance. The depth of the plasma
resonance can be determined by the imaginary part of the
dielectric function.”® An interesting aspect of Fig. 6 is the
shift in the peak value toward lower energies with the in-
crease in the Ga concentration. The material possesses re-
flectivity in wide energy and frequency ranges. For pure AIN
the maximum value of reflectivity is 0.5, occurs at 17 eV and
reduces to 0.46 at 13 eV for pure GaN. Hence, the reflectiv-
ity of Al,_,Ga,N varies with the Ga concentration. This char-
acteristic of the compound makes it suitable for Bragg’s re-
flector in various wavelengths.M’45 Because the peak values
of reflectivity in Al;_,GaN changes with Ga concentrations,
hence Bragg’s reflector in the desired wavelength can be
made and controlled by the Ga concentrations.

The frequency dependent absorption coefficient for
Al;_,Ga,N (0=x=1) is shown in Fig. 7. The variation in
frequency is expressed in terms of energy; ranging from 0 to
30 eV. From the figure it is clear that the peak corresponding
to maximum absorption coefficient is shifted toward lower
energies as the Ga concentration increases. Furthermore, the
maximum value drops from 300X 10* cm™! (for pure AIN)
to 250X 10* cm™! (for pure GaN). From the figure, two in-
teresting features of the absorption coefficient can be noted.
First, the maximum value of the absorption coefficient shift
from 16 eV in pure AIN to 13 eV in pure GaN. Second, there
appears a second peak with the increase in Ga concentration.
The second peak is not observed in pure AIN. Two peaks in
the absorption coefficient explain the absorption of maxi-
mum light at two different wavelengths. Due to this property
of the material, it can be used for wavelength filtering pur-
pose in those regions.
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IV. CONCLUSION

Density functional calculations are used to study opto-
electronic properties of Al;_,Ga,N (0=x=1). Optical pa-
rameters like index of refraction, dielectric constant, reflec-
tivity and absorption coefficient are strongly dependent on
the concentration of Ga in the Al;_ Ga,N crystal. Zero fre-
quency limit of dielectric function, refractive index and re-
flectivity decreases with the increase in Ga in Al,_,Ga,N.
The material becomes superluminal for photon energies
larger than 14 eV, where the refractive index drops below 1.
The peak values of absorption coefficient and reflectivity
shifts toward lower energy with the increase in Ga concen-
tration, while two prominent peaks appear and then enhances
in the imaginary part of the dielectric function with the in-
crease in Ga. The prominent variations in the optical param-
eters in the energy range 3—15 eV, makes Al;_,Ga,N suitable
for optical devices in the major parts of the visible and UV
spectrum.
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