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Computational Quantum Mechanics Simulation on the
Photonic Properties of Group-III Nitride Clusters
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Abstract: This paper describes the quantum mechanical simulation on the pho-
tonic properties of group-III nitride clusters, whose bulk types are common materi-
als for light emitting diodes (LEDs). In order to emit different colors of light using
the same semiconductor materials, it is possible to vary the band gap by controlling
the quantum dot sizes or doping a third atom theoretically. Density functional the-
ory (DFT) calculations are performed to analyze a set of binary (GaN)n (3≤n≤32)
and ternary InxGa1−xN (0≤x≤0.375) clusters to study their photonic characteris-
tics. The ground state structures are optimized to calculate the binding energies
using the time-independent DFT. Then the corresponding density of states (DOS),
band gaps, and absorption/excitation energies are evaluated from the time depen-
dent DFT technique. Photoluminescence characteristics are predicted and their
relationships with the cluster size and cluster surface effects are studied.

Keywords: light emitting diodes (LEDs), density functional theory (DFT), band
gap

1 Introduction

Group-III nitrides are common materials for the modern photo-electric industry,
since the first GaN LED was invented in 1960s and later remarkably improved by
Nakamura to make mass production possible in 1993 (Nakamura, Fasol, Pearton,
2000). Nakamura developed the first group-III nitride-based blue/green LED, which
can be converted to yellow light by phosphor coating, is the key technology to white
LED lighting (Nakamura, Mukai, Senoh, 1991; Nakamura, Mukai, 1992; Naka-
mura, Mukai, Senoh, 1994; Nakamura, Senoh, Iwasa, Nagahama, 1995; Naka-
mura, Senoh, Nagahama, Iwasa, Yamada, Matsushita, Kiyoku, Sugimoto, Kozaki,
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Umemoto, Sano, 1998). The achievement has resulted in significant development
in various devices, such as the solid state lighting, displays, and the next genera-
tion optical storage. Although the physical and chemical properties of group-III
nitrides in their bulk types have been extensively studied both experimentally and
theoretically, the photonic characteristics in the quantum dot scale are still under
investigation (Zheludev, 2007). Kandalam et al (2002) reported the results of a
theoretical study of AlnNn, GanNn and InnNn (with n=4, 5, 6) clusters, focusing
on their structure properties, stability, and electronic structure. Several researchers
also published some reports on the geometric and electronic structures of the group
III nitrides (Song, Cao, 2004; Wu, Zhang, Xu, Zhang, Jiao, 2003; Zhao, Wang,
Zhou, Chen, Lu, 2006). Quantum confinement effects in gallium nitride nanos-
tructures were studied by Carter et al (2009) using ab inito techniques. Surface
effects plus the quantum confinement of nano-sized GaN clusters have also been
investigated by Brena and Ojamae (2008).

Binary GaN and ternary InxGa1−xN clusters are the focus of this paper and our re-
search group intends to initiate a theoretical study from nano-scale using the frame-
work of the computational quantum mechanics. Firstly, we built up the hexagonal
wurtzite molecular models which included binary (GaN)n (3≤n≤32) and ternary
InxGa1−xN (0≤x≤0.375) clusters. Then, we optimized the ground state structures
to calculate the binding energies based on the time independent density functional
theory (TI-DFT). The corresponding density of states (DOSs), band gaps, and ab-
sorption/excitation energies were evaluated from the time dependent density func-
tional theory (TD-DFT). Photoluminescence characteristics of the quantum-dot-
like clusters are predicted and the cluster size and surface effects are studied.

First principles calculations were carried out at the platform of a Gaussian09 (Frisch
et al, 2009) software by employing the hybrid exchange-correlation functional
B3LYP (Becke three-parameter Lee-Yang-Parr) and the LanL2DZ (Los Alamos
National Laboratory 2-Double Zeta) basis set. Until now, there are few corre-
sponding research papers published, especially there is none about the absorption
and emission properties of III-N quantum dots (QDs) whose diameters are below
2.4nm. It is hoped that this article is able to set up a fundamental design tool
and to further improve the future LED performance via the concept of the nano-
technology.

2 Computational Quantum Mechanics

First-principles computational quantum mechanics (Srivastava, Atluri, 2002; Fitzger-
ald, Goldbeck-Wood, Kung, Petersen, Subramanian, Wescott, 2008) include two
fundamental methods: one is called the ab inito molecular orbital approach which
uses the Hartree-Fock method with the full description of the Slater determinant
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(Slater, 1951); the other one is the density functional theory (DFT) approach, which
calculates the density functional to evaluate the electronic structure of atoms and
molecules in a general poly-electronic system. Instead of mission impossible to
calculate the full N-electron wave functions via the ab inito approach, the method-
ology of the DFT only attempts to calculate the total electronic energy and the
overall electronic density distribution. The central idea of the DFT is that there is a
relationship between the total electronic energy and the overall electronic density.
A functional enables a function to be mapped to a number and is usually expressed
by square brackets as below:

E [ f (~r)] =
∫

f (~r)dr (1)

where~r is the position vector, the function f (~r) is usually dependent on other well-
defined functions. In the DFT, the function f (~r) is the density function ρ(~r), and
the energy functional E is a summation of two terms:

E [ρ(~r)] =
∫

Vext(~r)ρ(~r)dr +F [ρ(~r)] . (2)

The first term at the right hand side represents the interaction of the electrons with
an external potential Vext(~r). The second term F[ρ(~r)] is the sum of the kinetic
energy of the electrons and the contribution from inter-electronic interactions. A
variational approach (Mura, Koya, 1992) can be used to find out the minimum
energy functional which corresponds to the exact ground-state electron density.
That means a guessed density input will result in an energy value greater than the
true energy. We introduce a Lagrange multiplier (-µ) to find out the minimum at

δ

δρ(~r)

[
E [ρ(~r)]−µ

∫
ρ(~r)dr

]
= 0. (3)

which leads to

µ =
(

δE [ρ(~r)]
δρ(~r)

)
Vext

(4)

where the subscript Vext indicates that it is under conditions of constant external
potential. The above equation is the DFT equivalent of the Schrödinger equation.
Following the work of Kohn and Sham (1965), the approximate functional E is
partitioned into several terms:

E[ρ(~r)] = ET [ρ(~r)]+EV [ρ(~r)]+EJ[ρ(~r)]+EXC[ρ(~r)] (5)
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where ET is the kinetic energy term arisen from the motion of the electrons; EV in-
cludes terms describing the potential energy of the nuclear-electron attraction and
the repulsion between pairs of nuclei; EJ is the electron-electron repulsion term;
and EXC represents the exchange-correlation term which includes the remaining
part of the electron-electron interactions. All terms are functionals of the electron
density function ρ(r), except the nuclear-nuclear repulsion. Pure DFT methods are
defined by pairing an exchange functional with a correlation functional. In this sim-
ulation, we adopted the well-known B3LYP (Foresman, Frisch, 1996), which pairs
the Becke’s gradient-corrected exchange functional with the gradient-corrected cor-
relation functional of Lee, Yang and Parr (1988). This hybrid exchange-correlation
functional is constructed as a linear combination of the Hartree-Fock exact ex-
change functional (EHF

X ) and a number of exchange and correlation explicit density
functionals, which are expressed by:

EB3LY P
XC = ELDA

XC +a0(EHF
X −ELDA

X )+ax(EGGA
X −ELDA

X )+ac(EGGA
C −ELDA

C ) (6)

where a0 = 0.20, ax = 0.72, and ac = 0.81are three weighting coefficients, EGGA
X

and EGGA
C are generalized gradient approximations (GGA) of the Becke exchange

functional (Becke, 1988), and the correlation functional of Lee, Yang and Parr (Lee,
Yang, Parr, 1988), and ELDA

C is the VWN (Vosko, Wilk, Nusair, 1980) local-density
approximation (LDA) to the correlation functional.

The next approximation involves expressing the molecular orbitals as linear com-
binations of a pre-defined set of single-electron functions known as basis functions.
These basis functions are usually centered on the atomic nuclei and so bear some re-
semblance to atomic orbitals. The Gaussian09 program uses Gaussian-type atomic
functions as basis functions, which have the general form as:

g(α,~r) = cxnymzl exp(−αr2) (7)

where the vector~r is composed of the positions of x, y and z; α is a constant de-
termining the size (radial extent) of the function; n, m and l are principal, magnetic
and azimuthal quantum numbers, respectively; and c depends on α , n, m and l. In
our simulation, we chose the LanL2DZ basis set since all those three atoms, Ga, N
and In, involved in this research are within its data base.

The equations described above are for the special case of time-independent density
functional theory (TI-DFT). In the more general case, time is dependent, and the
Schrödinger equation becomes:

i–h
∂Ψ(~r, t)

∂ t
= Ĥ[ρ(~r, t)]Ψ(~r, t) (8)
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Ĥ[ρ(~r, t)] = ET [ρ(~r, t)]+EV [ρ(~r, t)]+EJ[ρ(~r, t)]+EXC[ρ(~r, t)] (9)

where –h is the Planck’s constant divided by 2π and i is the square root of -1; Ĥ is
the Hamiltonian operator;Ψ is the wavefunction which characterizes the particle’s
motion. Note that all the variables are functions of ~r and t, so it is called time-
dependent DFT (TD-DFT). The most useful application of the TD-DFT in this
paper is in the calculation of the energies of excited states of an isolated system.
Such calculations are based on the fact that the linear response function has poles at
the exact excitation energies of the system (Runge, Gross, 1984; Marques, Ullrich,
Nogueira, Rubio, Burke, Gross, 2006). The linear response function describes how
the electron density changes when the external potential varies. 
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Figure 1: Top views of the molecular structures of the binary (GaN)n (3≤n≤32)
and the ternary InxGa1−xN (0≤x≤0.375) clusters. Each cluster is composed by a
number of rings (varying from 1 to 4) and layers (varying from 1 to 4). Ga atoms
are in light purple, N atoms are in blue, and In atoms are in deep purple.

3 Simulation Results and Discussion

Most III-V compounds crystallize in the zincblende lattice structure which belongs
to the tetrahedral phases (Madelung, 1964); however, GaN and GaInN semicon-
ductors are in the wurtzite structures (Sze, Ng, 2007). In this paper, we set up
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the molecular structure of the binary (GaN)n (3≤n≤32) and the ternary InxGa1−xN
(0≤x≤0.375) clusters to study their photonic characteristics. Figure 1 shows the
top views of the molecular structures of the binary (GaN)n (3≤n≤32) and the
ternary InxGa1−xN (0≤x≤0.375) clusters. Each cluster is composed by a num-
ber of rings (varying from 1 to 4) and several layers (varying from 1 to 4). Using
the DFT technique, we can optimize those molecular structures at the ground state.
That enables us to calculate the binding energy (Eb) of each molecular cluster using
the equation as below:

Eb [per GaN unit] = E[(GaN)n]/n−E[GaN monomer] (10)

 
Figure 2: Binding energies of the binary (GaN)n (3≤n≤32) clusters. The trend
indicates that the larger the cluster, the greater the binding energy and hence the
more stable structure.

Figure 2 shows the binding energies of the binary (GaN)n (3≤n≤32) clusters. It
reveals that the larger the cluster, the greater the binding energy and hence a more
stable structure and more stable photonic properties are expected.

To predict the photonic characteristics of the group III-N clusters, we need to use
the TD-DFT approach to excite the ground state to the first excited state and then
back to the ground state for light emission. Figure 3 shows the simulation process
and the calculation procedures for the analysis of the absorption/emission spectra.
Table 1 shows that there are bascially four steps: the first step is to perform the
ground state optimization using the TI-DFT, which carries out the jobs of geometry
optimization and frequency analysis; the second step is to analyze the absobtion
process using the TD-DFT; the third step is for geometry optimization at the ex-
cited state; and the last step is to calculate the single point energy of the emission
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Figure 3: Simulation steps to calculate the photonic properties during the absorp-
tion and the emission processes represented on an energy-versus-position diagram,
where S0 is the ground state and S1 is the first excited state.

process. The last three steps all employ the TD-DFT, since they are time-dependent
processes. Figure 4 shows the determination of the lowest unoccupied molecular
orbital (LUMO) among the occupied orbitals, the highest occupied molecular or-
bital (HOMO) in the virtual orbitals, and the band gap between them on a density
of states (DOS) diagram using the example of a (GaN)26 cluster.

Figure 5 shows the optimized structures of the GaN clusters with variable sizes
(more atoms and more rings). Their LUMOs and HOMOs are displyed on the
energy level diagram. The figure reveals that the LUMOs and HOMOs are propor-
tional to the size of the cluster, except the LUMO of the (GaN)5, whose binding
energy is too small to generate a stable cluster. Figure 6 shows the band gaps of
all the (GaN)n clusters in our study. Four groups of different number (1-4) of rings
can be categorized. They show different trend with the number (3-32) of the GaN
units. When there are more rings the molecular structure becomes more stable and
the quantum confinement effect makes the band gap increase with the reduction of
the size of the clusters. Some of the exceptions might be due to the surface effect,
since reducing the cluster size doesn’t reducing the number of surface atoms pro-
portionally. The surface atom effect can be explained by Fig. 7, which displays
all the molecular orbitals of an example (GaN)26 cluster. In which the green color
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Figure 4: Determination of the lowest unoccupied molecular orbital (LUMO) in the
occupied orbitals, the highest occupied molecular orbital (HOMO) in the virtual
orbitals, and the band gap between them on the density of state (DOS) diagram of
an example (GaN)26 cluster.

 

 
 
 
 

Figure 5: Optimized geometries and energy level positions of the LUMOs and
HOMOs of GaN clusters with variable sizes (more atoms and more rings).
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Figure 6: Band gaps of the (GaN)n clusters. Four groups of different number of
rings show different trend with the number of the GaN units.
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Figure 7: Molecular orbitals of the (GaN)26. Green color indicates electrons spin
up and brown color means spin down. Most electrons are distributed mainly on the
surface atoms, instead of those bulk atoms. The electrons on the LUMO are mainly
excited from the HOMO-9 (37%), the HOMO-7 (28%) and the HOMO-6 (35%).
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Fig. 8 Band gaps of the ternary InxGa1-xN clusters where 0≤x≤0.375. The more the In 

atoms are doped in, the lower the band gap will be, with and without the solvent 

(water). The solvent effect is a blue shift in the spectrum, since the band gap 

becomes larger when the clusters are in the solvent.  

 
 
 
 
 

Figure 8: Band gaps of the ternary InxGa1−xN clusters where 0≤x≤0.375. The
more the In atoms are doped in, the lower the band gap will be, with and without
the solvent (water). The solvent effect is a blue shift in the spectrum, since the band
gap becomes larger when the clusters are in the solvent.
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Fig. 9 Peak wavelength calculations of the emission process of the binary (GaN)n 

using both CIS and TD-DFT methods. The number of GaN units varies from 9 

to 21, and the wavelengths vary from 410 nm to 560 nm. That means the 

smaller the cluster the shorter the wavelength of the light emitted. 
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Figure 9: Peak wavelength calculations of the emission process of the binary
(GaN)n using both CIS and TD-DFT methods. The number of GaN units varies
from 9 to 21, and the wavelengths vary from 410 nm to 560 nm. That means the
smaller the cluster the shorter the wavelength of the light emitted.
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Fig. 10 Peak wavelength calculations of the emission process of the ternary InxGa1-xN 

using both CIS and TD-DFT methods. The composition of In varies from 0 to 

0.375, and the wavelengths vary from 485 nm to 525 nm. That means the 

more the In atoms are doped the longer the wavelength of the light emitted. 
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Figure 10: Peak wavelength calculations of the emission process of the ternary
InxGa1−xN using both CIS and TD-DFT methods. The composition of In varies
from 0 to 0.375, and the wavelengths vary from 485 nm to 525 nm. That means the
more the In atoms are doped the longer the wavelength of the light emitted.

indicates electrons spin up and the brown color means spin down. Most electrons
are distributed mainly on the surface atoms, instead of those bulk atoms inside the
(GaN)26 cluster. The electrons on the LUMO are mainly excited from the HOMO-9
(37%), HOMO-7 (28%) and HOMO-6 (35%). The electrons distributed on the sur-
face atoms dominate the photonic characteristics of the quantum-dot-like clusters.
Hence, the quantum confinement effect doesn’t increase regularly when the cluster
size decreases.

It seems that reducing the binary GaN cluster dimension tends to increase the band
gap and shift the emission color to a further blue region. This is not what the LED
engineers want, instead we would like to decrease the band gap by doping indium
(In) atoms into the binary cluster to become a ternary InxGa1−xN cluster where
0≤x≤0.375. This is shown in Fig. 8 which indicates that the more the In atoms are
doped in, the lower the band gap will be, with and without the solvent (water). The
solvent effect is a blue shift in the optical spectrum because the band gap becomes
larger when the atom clusters are in the solvent. There are two methods to evaluate
the photonic properties in the excited states, which equip with a more stable, higher
energy electronic configuration of the molecular system. One is the TD-DFT as de-
scribed in the previous section; the other one is called the configuration interaction
singles (CIS) approach. Gaussian09 offers this CIS approach to model the excited
states as combinations of single substitutions out of the Hatree-Fock ground state.
Figure 9 displays the results from the peak wavelength calculations of the emis-
sion process of the binary (GaN)n using both CIS and TD-DFT methods. Both
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Fig. 11 (a) Stokes shift takes place at (GaN)14 between the absorption and the 

emission spectra; (b) anti-Stokes shift takes place at (GaN)21. 

Figure 11: (a) Stokes shift takes place at (GaN)14 between the absorption and the
emission spectra; (b) anti-Stokes shift takes place at (GaN)21.

approaches achieve the similar results with the same trend. The number of GaN
units varies from 9 to 21, and the wavelengths change from 410 nm to 560 nm. That
means the smaller the cluster the shorter the wavelength of the light emitted. Figure
10 shows the peak wavelength calculations of the emission process of the ternary
InxGa1−xN using both CIS and TD-DFT methods. The composition of In varies
from 0 to 0.375, and the wavelengths vary from 485 nm to 525 nm. That means
the more the In atoms are doped, the longer the wavelength of the light emitted.
Figure 11 reveals that there is a wavelength shift between the locations of the band
maxima in the absorption and in the emission spectra. This is due to the emitted
photon has less (or more) energy than the absorbed photon, the energy difference is
called Stokes (or anti-Stokes) shift. Figure 11 shows that a Stokes shift takes place
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at (GaN)14 between the absorption and the emission spectra predicted; while an
anti-Stokes shift takes place at (GaN)21. That concludes the TD-DFT approach is
necessary in modeling the LED photoluminescence characteristics. The predicted
emission wavelength is different from the absorption wavelength calculated from
the TI-DFT.

In order to estimate the size of those clusters, a sphere is assumed and the equivalent

Table 1: Simulations steps and the calculations performed for the analysis of the
absorption and emission spectra

Simulation Step Job Type Method Basis Set
1: ground state optimiza-
tion

geometry opti-
mization
+ frequency anal-
ysis

TI-
DFT(B3LYP)

LanL2DZ

2: absorption single point en-
ergy

TD-
DFT(B3LYP)

LanL2DZ

3: excited state optimiza-
tion

geometry opti-
mization

TD-
DFT(B3LYP)

LanL2DZ

4: emission single point en-
ergy

TD-
DFT(B3LYP)

LanL2DZ

Table 2: Molar volume and estimated equivalent diameter of the GaN clusters

(GaN)n molar volume (Bohr3) equivalent diameter (nm)
(GaN)6 20055.022 1.78
(GaN)9 23612.317 1.88
(GaN)10 25542.657 1.93
(GaN)12 27195.689 1.97
(GaN)13 31941.675 2.08
(GaN)14 28921.542 2.01
(GaN)15 29496.459 2.03
(GaN)16 37591.38 2.19
(GaN)20 33603.855 2.12
(GaN)21 35613.568 2.16
(GaN)26 40766.545 2.26
(GaN)32 47249.317 3.37
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diameter is equated as:

dc = 2(
3Vm

4πN
)1/3 (11)

where dc is the equivalent cluster diameter, N is the Avogadro’s number, Vm is the
molar volume calculated by the Gaussian inside a contour with density of 0.001
electrons/Bohr3. Table 2 indicates that the cluster diameter varies from 1.78 nm to
3.37 nm if the (GaN)n cluster varies from n=6 to n=32. It is not necessary that the
size of the cluster becomes larger when n increases, because the molecular structure
is configured ring by ring, layer by layer, not in radial expansion. That causes the
band gap fluctuates when the dimension of the cluster becomes smaller and the
surface atom effect of the clusters has to be taken into account.

4 Conclusion

Photonic characteristics of binary (GaN)n (3≤n≤32) clusters and ternary InxGa1−xN
(0≤x≤0.375) clusters have been studied in this paper, using the approach of the
first-principles density functional theory. Quantum confinement due to the size
effect has been proved. However, reducing the GaN cluster dimension can only
increase the band gap, and the emission light tends to be further blue. This paper
suggests that doping the indium atoms, also in the group III, into the GaN cluster
may reduce the band gap. The color of the emission light can be controlled via
both the indium concentration and the dimension of the cluster. This is important
in the LED industry and further improvement in the photonic characteristics can be
carried out through the modern nanotechnology.
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