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Using density functional theory, the electronic structures, lattice constants, formation energies, and optical properties
of Al,Ga;_,N are determined with Al component content x in a range from 0 to 1. As x increases, the lattice constants
decrease in e-exponential form, and the band gap increases with a band bending parameter b = 0.3954. The N—Al interaction
force in the (0001) direction is greater than the N-Ga interaction force, while the N—Al interaction force is less than the
N—Ga interaction force in the (1010) direction. The formation energies under different Al component content are negative
and increase with Al component content increasing. The static dielectric function decreases, the absorption edge has a blue
shift, and the energy loss spectrum moves to high energy with the Al component content increasing.

Keywords: GaN, photocathode, electronic structure, optical properties

PACS: 61.72.uj, 71.22.+i, 61.80.Ba, 36.20.Kd

1. Introduction

For the less blind ultraviolet radiation source on Earth’s
surface, the solar blind ultraviolet (UV) detection for 200 nm~
280 nm holds the advantage of achieving all-round optical de-
tection without dealing with background noise, and has im-
portant applications in astronomical observation, aerospace,
missile early warning, and vacuum electronic source.!!"?! The
III-nitride semiconductor GaN has attracted a great deal of at-
tention in the past few years.>=] This is because it possesses
important applications in light-emitting diodes (LEDs),"]
short-wavelength laser diodes (LDS),[8’9] UV detectors,[10:11]
and solar cells.!'>'*! The GaN-based photodetector can con-
veniently realize high-sensitivity visible-blind (McIntosh et
al. 1999) and solar-blind (Tut et al. 2005) detections. GaN-
based UV detectors have achieved extensive applications in-
cluding missile detection and interception, biological and
chemical agent detection, flame and environment monitor-
ing, and UV astronomy, involving national defense, com-
merce, and scientific research. The ternary alloy Al,Ga;_,N
is well tailored for covering a large region of the UV spec-
trum by changing the Al component content. By adjusting
the Al component content, the optical band gap of ternary

1516 the optical absorption

alloy Al,Ga;_4N can increase, !
edge moves to the 280 nm blind ultraviolet band, and the
sun-blind characteristic can completely be achieved. The re-
sponding wavelength of AlGaN is 239 nm—270 nm with the

Al component content of 0.6-0.95,[17-18] while it is 280 nm
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for AlysGaysN/Alg7Gag3N,['1 and 280 nm—320 nm for
PINL 20!

The aim of this study is to examine the effect of the
Al component content on the band gap and optical proper-
ties for wurtzite (WZ) Al,Ga;_,N films. An ordered 32-
atom Al,Ga;¢_,Ng supercell, corresponding to the 2x2x2
conventional cells is used to model the Al,Ga;_,N alloy.
The electronic band structure is obtained using first-principles
calculations based on density functional theory (DFT) in
the generalized gradient approximation (GGA). All calcu-
lations for the structures considered are performed with
the CASTEP code.?!! Coulomb potential energy caused by
electron—ion interaction is described using Vanderbilt’s ultra-
soft pseudopotentials,?? in which the orbitals of Al (3s23p!),
Ga (3d'%4s24p'), and N (2s?2p?) are treated as valence elec-
trons. A cutoff energy of 400 eV is used throughout the cal-
culation of this study. The number of k points used is 9x9x9

after making a series of tests and consulting the literature.

2. Electronic structure of GaN

The intrinsic GaN is a direct bandgap semiconductor
with a band width of 3.39 eV[?¥ and an electron affinity of
4.1 eV 1?4 obtained experimentally. The band structure of GaN
calculated in this article is shown in Fig. 1, where the dotted
line indicates the Fermi level, the band gap is 1.66 eV con-
sistent with the data obtained by Du et al.,’*>! valence band

top and conduction band bottom are at the G point, the con-
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duction band discontinuity is 1.76, while that of the Valence
band is 0.71. There are three energy levels at the top of the
valence band, they being the heavy hole zone, light hole zone,
and split belt caused by coupling of spin orbit respectively. It
can be seen from the total density of states (TDOS) (Fig. 2(a))
and partial density of states (PDOS) of Ga, N (Figs. 2(b) and
2(c)) atoms that the GaN valence band is mainly composed
of Ga3d, N2s, and N2p state electrons, the conduction band
is mainly composed of Gads and Gadp state electrons, elec-
trical transport properties of GaN and carrier type are mainly
determined by N2p and Gad4s state electrons. Near the Fermi
energy level, the bonds between Ga—N atoms are N2p with
Gads, Gadp, N2s with Gads, Gadp in the conduction band, are
N2p with Gads, Gadp in the valence band, and are N2s with
Ga3d in deep level.
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Fig. 1. Band structure of GaN.
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Fig. 2. (a) The total density of states of GaN, (b) partial density of states of
N atoms, and (c) partial density of states of Ga atoms.

3. Electronic structure of Al,Gaj—_,N

The spectral response of GaN photocathode (see Fig. 3)
was calculated by software COMSOL based on the finite ele-
ment, the cutoff wavelength is about 370 nm, the peak wave-
length is 310 nm in agreement with the test results calculated
by Machuca et al.?°! In order to detect solar blind UV 280 nm,
the Al component content must be adjusted to change the crys-
tal band gap, and make the response wavelength blue shift.
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Fig. 3. Spectral response curve of GaN photocathode.

3.1. Crystal structure of Al,Gaj_N

Vegard’s rule is the most extensive formula to describe
Al,Ga;_,N lattice constants,2 if the lattice constants for
GaN (AIN) are a and c, those of Al,Ga;_,N are expressed
as

c(x) = AN () + O (1 -x), )

a(x) =a™™ (x) +a%N (1 —x), 2)

—

where the lattice constants for AIN (GaN) are a =
3.112 (3.189) A, and ¢ = 4.982 (5.185) A. According to Ve-
gard’s rule, a and ¢ have a linear relationship with x. The
lattice constants for Al,Ga;_ N calculated (Table 1) in this ar-
ticle are fitted (Fig 4). According to linear fitting(line with
stars), the lattice constant a = 3.223 — 0.099x (Fig. 4(a)) with
fitting degree 0.998, while ¢ = 5.285 — 0.243x (Fig. 4(b)) with
fitting degree 0.997. According to e-exponential form (line
with circles), the lattice constants can be expressed as o =
exp(1.17 — 0.034x+0.00296x2) (Fig. 4(a)), c = exp(1.658 —
0.038x — 0.008x2) (Fig. 4(b)), the fitting degree is 0.999 for
both & and c.

Table 1. Lattice constants of Al,Ga;_,N.

Al component 0 0.125 0.25 0.375 0.5 0.625 0.75 0.875 1
alA 3.224 3.212 3.198 3.185 3.172 3.160 3.149 3.138 3.125
c/A 5.253 5.226 5.199 5.170 5.140 5.110 5.078 5.042 5.009
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Fig. 4. Lattice constants (a) @ and (b) ¢ of Al,Ga;_,N.

3.2. Densities of states and band structures of Al,Gaj_,N

The densities of states (DOS) for x from O to 1 are shown
in Fig. 5. The valence band of Al,Ga;_,N is divided into two
parts, they being the upper and lower valence bands. With
the increase of Al component content, the energy distribution
becomes narrower gradually and the peaks decrease in the
conduction band and valence band. The lower valence band
ranges from —15.89 eV to —10.72 eV, and its peak value de-
creases with Al component increasing. The separation zone of
upper and lower valence bands is from —10.72 eV to —6.9 eV,
and increases with Al component content increasing.

The upper valence band is in a range of —6.9 eV-0.44 eV
energy, and becomes narrower gradually with Al composition
increasing. This indicates that the effective electron mass in-
creases with Al component content increasing. With the in-
crease of Al component content, the range of valence band and
conduct band become narrow, the reason is that the binding of
the nucleus to the outer electrons of the Al atom is stronger
than that of the Ga atom, for Ga atom has four shells, while Al

atom has three shells.

Because the ion radius of AT (0.50 A) is smaller than
that of Ga** (0.62 A), and the electronegativity of AT (1.61)
is less than that of Ga*>* (1.81), AI** will capture holes, and
become the center of positive charge forming an isoelectronic
trap, this will make the top of the conduction band move up
gradually, the band gap increase gradually, and the charge
number in the valence band increase with Al component con-
tent increasing.
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Fig. 5. Densities of states of Al,Ga;_,N.
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Fig. 6. Spectral response curve of Al 125Gag g75N.

— Al3s
-------- Al3p

totol DOS

Density of States/(electrons/eV)

10

-5 0
Energy/eV

Fig. 7. Partial and total DOS of Aly 125Gag g75N.
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The spectral response of Al,Ga;_,N at x =0.125 was cal-
culated (see Fig. 6), the peak wavelength is 280 nm, which can
satisfy the requirement for detecting the solar blind ultraviolet
(UV). In order to study the electronic characteristics of so-
lar blind ultraviolet detector material, the density of states of
Alp.125Ga;_o.125N was studied. The partial density of states
(PDOS) with x = 0.125 is shown in Fig. 7. The valence elec-
tron of Al is 3s? 3p! in the calculation. The bonds between Al—
N atoms are N2p with Al3s, N2s with Al3p in the conduction
band, and that are N2p with Al3p, N2s with Al3s in the va-
lence band. After Al composited, the span of Gads, Gadp and
N2s, N2p states is reduced in the conduction band, the DOS of
N expands to the low energy in the valence band, while that of
Ga expands to the high energy slightly, this indicates that the
delocalization of electrons in high energy decreases, and the
bonds of N2p with Gads, Gadp, N2s with Ga4s Gadp fade.

According to the experimental results of Angerer et al.,
the band gap of Al,Ga;_,N is related to the composition of
Al, and the relation links the width of the forbidden band to

Al composition through the following equation!*’!

Eg (x) = Eg™™ (1 —x) + Ep™Nx — bx(1 — x), 3)

where Ej(x) is the band gap energy of Al,Ga; N, Ef™N is
the band gap energy of AIN, EZ®N is the band gap energy of
GaN, and b is the band gap bowing parameter of Al,Ga;_,N.
The relationship between band gap and Al composition is cal-
culated and fitted as shown in Fig. 8, it can be expressed as
Eq (x) = 0.3954x% + 1.988952x + 1.6815. The fitting squared
factor R is 0.99869. The physical origin of the band gap bow-
ing can be attributed to the lattice mismatch between AIN and
GaN. The larger mismatch in the lattice constants of the two
binary alloys will result in the larger bowing. The experimen-
tal data of the band gap bowing parameter of WZ Al,Ga;_;N
are divergent and are 0.69,1281 0.74,1291 1,0,130:311 1 3 132,331
1.38 eV,** and 1 ~ 0.67 changing with strain,*! the calcu-
lated value in this paper is 0.3954 +0.0547.
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Fig. 8. (color online) Band gap of Al,Ga;_,N.

3.3. Bonds of Al 125Gag.g75sN

In order to explain the atomic bonding clearly, the atomic
overlap populations of the (0001) and (1010) directions ver-
tical to the (0001) direction are listed before and after Al has
been composited for x = 0.125 in Table 2. For GaN, the over-
lap population is not the same in the (0001) direction as in
the (1010) direction, which indicates that the covalent bonds
between Ga and N atoms are directional. Both in the (0001)
direction and in the (1010) direction, the covalent bonds be-
tween N atom and Ga atom are abated by being composited.
The interaction between Al atom and N atom is stronger than
that between Ga atom and N atom in the (0001) direction, and
that between Al atom and N atom in the (1010) direction. In
the (1010) direction, the interaction between Ga atom and N

atom is stronger than that between Al atom and N atom.

Table 2. Overlap populations before and after being composited.

Population
Bond Intrinsic Composited
N-Ga/0001 surface 0.58 0.50
N-Ga/1010 surface 0.66 0.64
N-Al/0001 surface 0.63
N-AI/1010 surface 0.59

Fig. 9. Charge differential densities before and after Al composition: (a) uncomposited (0001), (b) composited (0001), and (c) composited (1010).
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The charge differential densities of Alg 125Gag g75N be-
fore (Fig. 9(a)) and after Al atoms have been composited for
x = 0.125 in the (0001) direction (Fig. 9(b)) and the (1010)
direction (Fig. 9(c)) are calculated. For GaN, the electronic
cloud around the N atom is distributed evenly with 3 Ga atoms
in the (0001) plane. After Al atoms are composited, the elec-
trons of the adjacent N atoms move towards the Al atoms, and
the covalent bond between Al atom and N atom is stronger
than that between Ga atom and N atom in the (0001) direc-
tion. Al composition makes the electrons of N atom adjacent
to Al atom shift to Al atom, and the interaction between Ga
atom and N atom weaker, so, the Ga 4s states move to a high
energy, and the system band gap widens, the lattices and vol-

ume of the system become smaller.

3.4. Formation energy of Al,Ga;_4N

After being optimized using the BFGS method, the for-
mation energy of Al,Ga;_,N reasonable model can be ex-
pressed as3°!

Eform = —(Etot +nEN+mEga +Ea)) /k, @

where Eiy is the total energy after being optimized, n, m, and
[ are the number of N atoms, Ga atoms, and Al atoms, respec-
tively, k is the total number of atoms. The formation energies
of Al,Ga;_,N with different Al component content are shown
in Table 3.

The formation energies of Al.Ga;_,N with different
Al component content are negative, which indicates that
Al,Ga;_,N is a stable structure. With the increase of Al com-
ponent content, the formation energies increase but the stabil-
ity of the material decreases.

Table 3. Formation energies of Al,Ga;_,N with different Al component content.

Al composition 0 0.125 0.25

0.375 0.5

0.625 0.75 0.875 1

Formation energy/eV -133.2 —-133.0 -32.9

-132.7

-132.5 -132.3 -132.2 -132.0 -131.8

4. Optical properties of Al;Gaj_yN

The underestimation of the band gap results from the dis-
continuity of the exchange-correlation potential with respect
to the particle number in first-principles calculations based on
DFT, but accurate estimation of the valence band is a well-
known consequence. To amend these band gaps, we calculate
the optical properties by using scissors 1.73 eV with a rigid
shift of the conduction band upwards with respect to the va-
lence band from the known band gaps of GaN.

According to the definition of the direct transition prob-
ability and the Kramers—Kronig relation,3”! the optical prop-
erties parameters, such as the dielectric function, the light re-
flectance, the absorption coefficient, and the electrical conduc-

tivity can be deduced.

4.1. Dielectric function of AL,Ga;_xN

Figure 10 shows the real part &; (@) of the dielectric func-
tion of Al,Ga;_,N with different Al component contents. It
can be seen that the material static dielectric function & (0)
decreases with the increase of the Al component content. In
the range of & (@) < 0, the trough T1 moves to the high-
energy range corresponding to the increase of the resonance
frequency (@), while the trough T2 changes little correspond-
ing to the little change of the plasma frequency (@,) with the

change of the Al component content.

Dieletctric function

Frequency/eV

Fig. 10. Dielectric functions of Al,Ga;_,N.

4.2. Absorption coefficient of Al,Ga;_,N

The absorption coefficient curves of Al,Ga;_,N are
shown in Fig. 11. With the increase of Al component content,
the absorption edge moves to high energy, which is consistent
with the phenomenon of the gap widening. With the increase
of Al component content, the peak values decrease gradually
until they disappear; the positions of peaks P3 and P4 do not
change, but the peak values decrease. P; and P, correspond to
the transition of Gads, Ga4dp at the top of the valence band, and
P4 corresponds to the transition of the upper part of the lower
valence band. The widening of the band gap makes the tran-
sition difficult and the absorption edge moves to high energy.
The increase of P3 indicates that N2p state electrons becomes

more and more active with the increase of the Al component
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content. The P, and P4 decrease due to the fact that the activ-

ity of the Gads and Gadp state electrons are more active than
that of Al3s and Al3p.

304

254

20 1

15+

104

Absorption/cm~1!

Frequency/eV

Fig. 11. Absorption coefficients of Al,Ga;_,N.

4.3. Energy loss spectra of Al,Ga;_ N

The energy loss spectra of Al,Ga;_,N are shown in
Fig. 12, their peaks correspond to the material edge energy.
With the increase of Al composition, the energy loss spectrum

moves to high energy, which corresponds to the increase of the

band gap.
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Fig. 12. Energy loss function of Al,Ga;_,N.

5. Conclusions

The photoelectric characteristics of GaN are calculated
by using the first principles, they being determined by N2p,
N2s, Gads, and Ga4p states. The wavelength response peak of
GaN is 310 nm. One Al atom replaces one Ga atom in order
to obtain the ternary compound material Al,Ga;_,N, its corre-
sponding band being in the solar blind ultraviolet region. The
wavelength response peak is 280 nm for x = 0.125. With the
increase of Al composition, the lattice constants decrease, the
band gap increases, the static dielectric function decreases, the
absorption edge moves to high energy with peak value increas-
ing. The Al composition changes the bonding between atoms,
thus affecting the photoelectric characteristics of the system.
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