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We employ plane-wave with ultrasoft pseudopotential method to calculate and compare the total density
of states and partial density of states of bulk-phase GaN, Gag.g375N, and GaNy.g375 systems based on
the first-principle density-functional theory (DFT). For Ga and N vacancies, the electronic structures of
their neighbor and next-neighbor atoms change partially. The Gag.g375N system has n-type semiconductor
conductive properties, whereas the GaNy.g375 system has p-type semiconductor conductive properties. By
studying the optical properties, the influence of Ga and N vacancy defects on the optical properties of
GaN has been shown as mainly in the low-energy area and very weak in high-energy area. The dielectric
peak influenced by vacancy defects expands to the visible light area, which greatly increases the electronic

transition in visible light area.
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GaN is commonly used as a new semiconductor mate-
rial for a wide range of applications in optoelectronic
and microelectronic devices. GaN has some fascinating
properties, such as wide band gap, high thermal con-
ductivity, high breakdown voltage, high melting point,
and chemical stability, among others. GaN and its al-
loy materials have a wide range of wavelengths that
cover nearly the entire visible light and ultraviolet range,
and have promising applications in the field of elec-
tronic devices™?, such as in high-temperature devices,
high-power devices, and optoelectronic devices field such
as blue light-emitting diodes (LEDs)4 blue lasers
(LDs)>0], ultraviolet detectors™8l. In recent years, most
research has focused on its physical properties, which has
become a hot issue of semiconductor materials and pho-
toelectric devices!?10].

Defects produced in the GaN material growth process
may interact with carriers. The existence of defects will
affect the electronic structures and optical properties of
GaN materials, and subsequently affect the performances
of photoelectric devices. Simulation is a good method to
study semiconductor defects112]. Theoretical studies of
the eigen defects of GaN have been reported[!3—15]: how-
ever, the influence of such defects on GaN optical prop-
erties has not been determined. In this letter, we em-
ploy plane-wave with ultrasoft pseudo method to study
the influence of Ga and N vacancy defects on the opti-
cal properties of GaN, such as dielectric function, refrac-
tive spectra, absorption spectra, reflection spectra, and
energy loss spectra, among others, based on the first-
principle density-functional theory (DFT). Our findings
will provide theoretical reference for further experimen-
tal research.

All calculations were performed with the quantum me-
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chanics program Cambridge Serial Total Energy Pack-
age (CASTEP)!6! based on DFT. The Broyden-Flecher-
Goldfarb-Shanno (BFGS) algorithm was used to relax
the structure of the crystal model. The valence elec-
tronic wave function was expanded in a plane-wave basis
vector. The final set of energy was computed with an
energy cutoff of 400 eV. The convergence precision was
set to energy change of below 2x107% eV /atom, force of
less than 0.005 eV /nm, convergence tolerance of a single
atomic energy of below 1x107° eV /atom, stress of less
than 0.05 GPa, and change in displacement of less than
0.0001 nm in iterative process. All calculations were per-
formed with a plane-wave pseudopotential method based
on DFT combined with the generalized gradient approx-
imation (GGA)[718] The integral in the Brillouin zone
was sampled with the Monkhorst-Pack schemel'?! and
special k points of high symmetry. The number of k
points was 7x7x7. All calculations were carried out in
reciprocal space with Ga:3d'%4s24p! and N:2s5?2p? as va-
lence electrons.

In the linear response range, the macro-optical response
function of solids is often described by the complex di-
electric function e(w) = &1 (w) +iez(w) or by the complex
refractive index N(w) = n(w) + ik(w), where

g1 =n? — k2, (1)
€9 = 2nk. (2)

According to the definition of direct transition proba-
bility and Kramers-Kronig dispersion relation, the imag-
inary and real parts of the dielectric function, absorp-
tion coefficient, and reflection coefficient, among oth-
ers, can be deduced. The derivation process does not
require much elaboration. Consider the theoretical for-
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where n is the refractive index; k is the extinction
coefficient; g is the vacuum dielectric constant; \g is
the wavelength of light in vacuum; C' and V are the con-
duction band and valence band respectively; BZ is the
first Brillouin zone; K is the electron wave vector; a is the
unit direction vector of the vector potential A; My, ¢ is
the transition matrix element; w is the angular frequencys;
and E¢(K) and Ey (K) are the intrinsic energy levels of
the conduction band and valence band, respectively. The
above formulae expound the mechanism of spectrum pro-
duced by electron transitions between crystal energy lev-
els and provide a theoretical basis for analyzing the band
structures and optical properties of crystal.

These calculations were carried out with wurtzite GaN,
which belongs to the P63, space group. With a symme-
try of Cgy_4, the lattice constants using the experimen-
tal value can be described by a=b=0.3189 nm, ¢=0.5185
nm3 o = $=90°, and y=120°, where ¢/a is 1.626. In
calculating 2 x 2 x 2 supercells of wurtzite GaN com-
posed of 16 Ga atoms and 16 N atoms were used. One
Ga atom or one N atom was removed in research va-
cancy defects respectively (shown in Figs. 1 and 2). The
wurtzite GaN supercells, Gag.gz7sN and GaNg 9375 were
optimized. The lattice constants of GaN supercells were
a=b=0.32247, ¢=0.52537 after optimization, which are
in good agreement with the experimental value, thereby
validating shows the correctness of the calculation
method.

The total density of states (TDOS) and partial den-
sity of states (PDOS) of Gag.gs75N system are shown in
Fig. 4. By the comparing the total density of states
of Gag.gs7sN system (Fig. 4(a)) with the one of bulk
phase GaN (Fig. 3(a)), the Fermi level of Gag g375N sys-
tem moves to the low-energy area and comes into the
valence band top for the Ga vacancy. A small num-
ber of hole levels are present above the Fermi level.
The Gag.g3z75N system shows p-type semiconductor con-
ductive properties; its band gap grows wider with the
same changing trend, similar to the results of Refs. [14]
and [15]. In order to further study the influence of Ga
vacancy on the electronic structures of Gag g375N system,
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Fig. 1. Ga vacancy defect.
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Fig. 2. N vacancy defect.
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Fig. 3. Total and partial DOS of GaN.

=~ 50 (a)

% o5 [ L\ —total
é (2) LN
S r — Ga-4s
= [(b) nearer to - Gadp

9 1 I N N R Ga-3d
E 8 AS SN, D i |
% -

§ D L U

w0

o

S

2z

n

I

3

a

220 -15 -10 5 0 5 10
Energy (eV)

Fig. 4. Total and partial DOS of Gag.g375N.

PDOS of the atoms near Ga vacancy were also studied,
as shown in Figs. 4(b), (¢), and (d). The influences of
Ga vacancy on the PDOS of Ga vacancy neighbor and
next-neighbor atoms are weak; however, these influences
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are greater on the PDOS of Ga vacancy neighboring N
atoms. The N2p-state electrons move to the high-energy
area whether in valence band or in conduction band
comparing with the PDOS of N atoms in bulk phase
GaN. Therefore, the main reason the electronic density
of states of Gag.g375N system change is that the vacancy
causes partial changes of the electronic structures of the
vacancy neighbor and next-neighbor atoms.

TDOS and PDOS of GaNp g375 system are shown in
Fig. 5. By the comparing TDOS of GaNy 9375 system
(Fig. 5(a)) with that of bulk-phase GaN (Fig. 3(a)),
clearly, the Fermi level of GaNy 9375 system moves to the
high-energy area and comes into the conduction band
for the existence of N vacancy. The GaNg 9375 system
shows n-type semiconductor conductive properties; its
band gap grows wider, showing the same changing trend
as in the results of Refs. [14] and [15]. In order to
make further study of the influence of N vacancy on
the electronic structures of GaNg 9375 system, PDOS of
the atoms near the Ga vacancy was studied, as shown
in Figs. 5(b), (c), and (d). We can see that the N2s-
and N2p-state electrons of N vacancy neighbor N atoms
move to low-energy area, and that the Ga3d-, Ga4s-, and
Gadp-state electrons of N vacancy neighbor Ga atoms do
as well. Therefore, the main reason the electronic density
of states of GaNy 9375 system change is that the vacancy
causes partial changes of the electronic structures of the
vacancy neighbor and next-neighbor atoms.

The photoelectric properties of optoelectronic materi-
als are characterized mainly by the dielectric function,
absorption coefficient, refractive index and reflection
coefficient, and others. Optical constants linking with
the microscopic model of physical process and the mi-
croelectronic structure of solid, which can better char-
acterize the physical properties of material, are mainly
decided by the electronic structures and carrier concen-
tration near the Fermi level. The changes of GaN elec-
tronic structures caused by Ga and N vacancy defects
would influence its optical properties. Theoretical and
experimental researches on GaN optical properties have
been conducted[!??4); however, the optical properties of
Ga and N vacancy defects system have thus far not been
reported. In the following, forecast and analysis are car-
ried out by comparing the optical properties of Ga and
N vacancy defects systems with GaN system. In order to
improve the calculation precision of optical properties,
scissor-operator correction was used referring to the ex-
perimental value. The band gap of GaN was calculated
as 1.66 eV, which is in agreement with Ref. [25], but
smaller than the actual experimental value 3.39 eV. This
problem is universal for the local density approximation
(LDA) and generalized gradient approximation (GGA)
having low band gap value; however, this problem does
not affect the results of the theoretical analysis. The
scissor-operator correction in the above three systems
were adopted as 1.73 eV for convenient comparisons.

Dielectric function as a bridge connecting the micro-
scopic physical of transition between bands with the
electronic structures of solid reflects the band structures
of the solid and information of its spectrall”. The spec-
tra of the GaN semiconductor material were produced
by electronic transitions between bands. Each dielectric
peak can be explained by band structures and density of

states of GaN. The imaginary parts of dielectric functions
of bulk phase GaN, Gag.g375N, and GaNy g375 systems
were calculated, as shown in Fig. 6. The three obvi-
ous main peaks of bulk phase GaN, correspond to the
photon energies of 4.59, 9.25, and 12.65 eV, respectively,
which are in good agreement with the experiment of
Kawashimal26!. The peak at 4.59 eV is produced by the
transition of N2p state (upper valence band) to Gads
state, the peak at 9.25 eV is produced by the transi-
tion of N2p state (lower valence band) to Gads state,
and the peak in 12.65 eV is produced by the transition
of Gadp state to N2p state. By comparing the imagi-
nary parts of dielectric function of bulk phase GaN with
that of Gag.g375N and GalNg 9375 systems, differences in
their dielectric function imaginary parts are clearly big-
ger in the low-energy area (<8.7 eV), and scarcely any
are evident in high-energy area. For Gag.gs75N system,
the maximum peak of the imaginary part of dielectric
function moves slightly to the high-energy area due to
the existence of the Ga vacancy defect; the peak at
9.25 eV disappears, and a strong new peak emerges at
1.9 eV. The reason this new dielectric peak emerges is the
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Fig. 5. Total and partial DOS of GaNg.g375.
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Fig. 6. Imaginary parts of dielectric function of GaN,
Gao.9375N, and GaNo.g37s.
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Fig. 7. Real parts of dielectric function of GaN, Gag.g375N,
and GaN0A9375.
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transitions of electrons in conduction band to vacancy
energy level generated in the top of valence band for
the influence of Ga vacancy defect on the electronic dis-
tributions of its neighbor N atoms. For the GaNg 9375
system, a new dielectric peak emerges at 2.4 eV is due
to the move of the bottom of conduction band to the
low-energy area due to the influence of N vacancy defect
on the electronic distributions of its neighbor Ga and N
atoms (see Figs. 5(b), (c¢), and (d)). Compared with
bulk phase GaN, the dielectric peaks of the Gag.g375N
and GaNy o375 systems expand to visible light area in-
fluenced by Ga, N vacancy defects; this greatly increases
the electronic transitions in visible light area. Figure 7
shows the real parts of dielectric functions of bulk phase
GaN, Gag 375N, and GaNg 9375 systems. The change
trends are basically same as in the imaginary parts of
dielectric functions. The differences between them are
mainly concentrated in low-energy area and scarcely any
in high-energy area.

The absorption spectra, reflective spectra, refraction
spectra, and the energy loss spectra of bulk phase GaN,
Gag.g9375N, and GaNy 9375 systems are shown in Figs. 8-
11, respectively. The optical absorption boundary of bulk
phase GaN at 3.4 eV corresponds to the experimental
band gap values, and is caused mainly by the transi-
tions of N2p-state electrons to the bottom of conduction
band. The optical absorption boundaries of Gag g375N
and GaNg 9375 systems clearly changed compared with
the one of bulk phase GaN. Red shifts occur and new
absorption peaks appear in the low-energy areas in both.
The main reason for this phenomenon is that the Ga
and N vacancy defects cause the changes of electronic
structures of its neighbor atoms. The changes of absorp-
tion spectrum, reflective spectrum, and refractive index
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Fig. 8. Absorption spectra of GaN, Gag.g9375N, and GaNg.g375.
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Fig. 9. Reflection spectra of GaN, Gag.g9375N, and GaNg.g375.
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Fig. 10. Refraction spectra of GaN, Gapg.os7sN, and
GaNo.o375.
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Fig. 11. Energy loss spectra of GaN, Gag.os7sN, and
GaNy.9375.

caused by the Ga and N vacancy defects are mainly in the
low-energy area, similar to the change of the imaginary
part of dielectric function. The refractive index of bulk
phase GaN is same basically as the result in Ref. [24].
The static refractive indices of Gag.g375N and GaNg 9375
systems increase comparing with the one of bulk phase
GaN. The peak position of energy loss spectrum in-
dicates the transition point of material from metallic
properties to dielectric properties. Compared with that
of the bulk-phase GaN, the energy loss peak of Gag g375N
system increases, whereas that of the GaNg 9375 system
decreases and moves slightly to the high-energy area.

In conclusion, plane wave with ultrasoft pseudopoten-
tial method was used to calculate and compare the elec-
tronic structures and optical properties of bulk-phase
GaN, Gaggz7sN, and GaNp o375 systems based on the
first-principle DFT. Results show that Ga and N va-
cancy defects may cause relaxations of its surrounding
electrons and band gap changing wider, but the systems
still are direct band gap semiconductor. The influence
of Ga and N vacancy defects on the optical properties of
GaN is mainly concentrated in the low-energy area (<8.7
eV) and weak in the high-energy area. The expanding of
dielectric peak to visible light area under the influence of
Ga and N vacancy defects greatly increases the electronic
transitions in visible light area. The main reason for the
optical properties change is that the Ga and N vacancies
cause electronic transitions of their neighbor atoms.
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