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ABSTRACT

In the current work, we study the electronic structure, Fourier Transform Infrared (FTIR), and Raman
spectra of GaN diamondoids as a function of particle size and shape, using density functional theory
(DFT). We calculated the vibrational spectra of GaN and analyzed them with respect to mass, force
constant, and intensity of vibration. Since the size and shape of diamondoids vary among the
nanoparticles, we compared them using the tetrahedral angles and bond lengths.

The results show that the bond length strongly depends on the shape of the diamondoid molecules. The
bond length was also found to increase as the number of cages increased. The total energy as well as the
energy gap decrease as the size of nanocrystal clusters increases. These trends might persist at the level of
bulk properties because surface effects are negligible in diamondoids.

Keywords: GaN, diamondoids structures, infrared spectroscopy, Raman spectra, nanocrystal cluster,
DFT.

INTRODUCTION

GaN is a group IlI-nitride and a semiconductor [1]. It is a hard compound that exhibits two crystal structures: zinc-
blende and wurtzite. In the zinc-blende structure, GaN has a wide band gap of 3.46 eV, which makes it useful for
optoelectronic applications such as light-emitting diodes (LEDs) and other light emitting devices [2,3]. In addition,
the nanocrystals of GaN are used in nanoscale electronics and biochemical sensing [4]. This is because these
nanocrystals help us maneuver many physical properties that are required for electronic devices, such as energy gap
and lattice constant. Similarly, the recently discovered higher diamondoids (octamantane) have generated excitement
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for their potential as nanoscale devices. However, these devices are based on molecular electronics, in which
diamondoids are isolated on metal surfaces. The properties of such systems are not yet fully understood [5].

THEORY

We investigated the properties of GaN diamondoids using ab-initio DFT. This method involves full geometrical
optimization in accordance with the Hartree-Fock method (HF), which is one of the most accurate methods to
simulate the electronic structure and study the optical properties of nanocrystals. Even though this method is
computationally expensive, in terms of memory and time, it was feasible at our computational facility [6]. All the
calculations of geometrical optimization were executed by combining ab-initio DFT with the generalized gradient
approximation (GGA) proposed by Perdew, Burke, and Emzerhof (PBE), in the program Gauss View 5.0 according
with Gaussian 09W [7].

To perform these calculations, the basis function 3-21G was chosen so that all the vibrational analyses could be
performed at the same theoretical level. Using this program, the stable positions of atoms in the nanocrystal were
determined and the vibrational frequencies and Raman lines of GaN nanocrystals were calculated [8].

Diamondoids are carbon nanostructures that have a perfect size and selectable shapes along with passivated
hydrogen and sp3-hybridized. Being perfectly size-selectable, they are well suited to investigate the size-dependence
of electronic structure, i.e., quantum confinement (QC) effects [9]. To study these effects, using the current method,
GaN diamondoids were constructed from the size of a few molecules to the nano region (bottom-up method). At
every intermediate size, we calculated the vibrational frequencies to understand their variation as a function of the
size of GaN clusters [10].

RESULTS AND DISCUSSION

GaussView 5.0 and Gaussian 09W were used to optimize the geometries and calculate the vibrational spectra of GaN
diamondoid nanocrystals (diamantane, tetramantane, hexamantane, and octamantane). The calculated frequency
error that results from ab-initio calculations [11].

The present scale factor is one of the nearest scale factors of the unscaled data (very close to 1) and thus was used
without modification for all spectra. The geometrical optimization method was used in the present work to obtain
the electronic structure of GaN molecules, while the infrared spectrum is shown as a function of frequency(Figure 1).
These include cage-like molecules such as diamantane GazN7Hzo, tetramantane Gai1N11Hzs, hexamantane GaisNisHso,
octamantane GazoNzoH4.

Bulk GaN is identified by its IR absorption at approximately 0-700 cm vibrational mode peak [12].

However, the highest intensity line in for GaN diamantane was seen at 706.45 cm™ while octamantane was seen at
1885.21 cm. We noticed a shift in the intensity maxima toward the right side of the infrared vibrational frequencies.
This includes the 997-2495 cm™ modes in the Ga-H and N-H vibrational regions. The region around the broad peak
at 706 cm is indicative of Ga—-N.

(Figure 2) shows the highest intensity line in the present calculation for GaN diamantane is at 1711.36 cm™!, for
tetramantaneit is at 1788.96 cm-! and for hexamantaneit is at 1799.79 cm-' while for octamantaneit is a 2288.92 cm. A
shift in the intensity maxima at about 3500 cm~ of the Raman vibrational frequencies was noted. This includes the
1543-3489 cm~' modes in the Ga-H and N-H vibrational regions.
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Equation (1) relates the frequency of vibration to the harmonic force constant and reduced mass [13]:

v—i K 1)
2\ u

The reduced mass p of two particles of masses ma and mo is given by [14]:

1 1 1

=t @

H ma mb
Although the above equation is for diatomic molecules, it can also be used to explain the vibrational modes of other
larger molecules.

Represents the reduced masses of GaN-diamondoid vibrations, the left parts of Ga-N vibrations are larger than the
right parts of H vibrations and the right part is nearly equal to 1 shown in (Figure 3). The high reduced mass mode
(HRMM) of octamantane is larger than of the other diamondoids.

(Figure 4) shows GaN-diamondoid force constants as a function of vibration frequency. As deduced from a part of
the statistical difference between the numbers of vibration frequencies of all GaN-diamondoids, all shapes as shown
(Figure 4) are nearly similar and begin from approximately 0 cm-! of Ga-N vibrations and ends at less than 300 cm,
whereas right parts of H vibrations start at approximately 375 cm-t and ends at nearly 2180 cm-.

The GaN diamondoid bond lengths generally increase as the number of cages increases with a remarkable
dependence on the size of the diamondoid molecules. The experimental bulk of GaN bond lengths (19.5 nm) is inside
this distribution range, as shown in (Figure 5).

(Figure 6) shows a comparison between the density of tetrahedral angles in GaN-diamantane and GaN-octamantane.
In a piece of bulk far from the surface all tetrahedral angles should have the value 109.47° [15]. As we can see from
(Figure 6A) the highest peak of GaN-diamantane is at 106° while that of GaN-octamantane in (Figure6B) is at 110°.
The tetrahedral angle of octamantane is much closer to the ideal value 109.47° than that of diamantane. This is due to
the effect of surface reconstruction that has an effect on all the atoms in GaN-diamantane (all the atoms are bonded
to surface hydrogen atoms) while it has an effect on some of the atoms in GaN-octamantane.

(Figure?7) shows the tetrahedral angle as a function of the number of cages for GaN. The variation of the tetrahedral
angle between atoms starts from gallium hydrogenated surface layer (H-Ga-N angle) and reach the nitride
hydrogenated surface layer (Ga-N-H angle) at the opposite face of the nanocrystal. The tetrahedral angles range from
109.47° is compared with the tetrahedral angle if an ideal diamond and zincblende structure. Tetrahedral angles
approach the value of bulk as we go to higher diamondoids. This angle takes oscillatory values starting from gallium
terminated surface and ending at the nitride terminated surface. The tetrahedral angle of octamantane is much closer
to the ideal value 109.47° than that of diamantane.

This is due to the effect of surface reconstruction that has an effect on all the atoms in GaN-diamantane (all the atoms
are bonded to surface hydrogen atoms), while it has an effect on some of the atoms in GaN-octamantane.

The dihedral angles should have one of the values -180°, -60°, 60° and 180° in bulk zincblende structure [16]. While
this might be true for the angles -180° and 180° in GaN-diamantane in (Figure 8A) it is not completely true for the
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angles -60° and 60°. For GaN-octamantane (Figure 8B) the situation improves for the angles -60° and 60° that become
closer to its ideal value.

The comparison between the pulsed depolarization spectrum in GaN-diamantane and GaN-octamantane shown in
Figure 9. GaN is used in a semiconductor for pulsed power applications, switching several megawatts of electrical
power in several nanoseconds [17]. As a sensor material, GaN is able to work reliably in conditions where other
materials may malfunction.

The energy gap reduces from 3.69 eV in GaN-diamantane to 3.39 eV in GaN-octamantane. This reduction is in
compliance with the confinement effects that require size reduction of the energy gap as manifested in (Figurel0).
The value of energy gap for GaN-experimental is more similar to the bulk value at 3.46 eV.

(Figurell) shows the variation in the total energy with the varying number of GaN atoms.ltshows that the total
energy decreases with increasing the number of Ga and N atoms. On the scale shown in this figure, the size
dependence of the energy is linear.

CONCLUSION

As concluding remarks, we can note that the present theory can adequately reproduce most of the experimental data
of infrared vibrational frequencies. This includes the 997-2495 cm-! modes in the Ga-H and N-H vibrational region.
The region of Ga-N mode of vibration is between 0-700 cm-. The present theory suggests different types of Ga-H
and N-H vibrations, which include symmetric, antisymmetric, wagging, scissor, rocking, and twisting modes. It also
reproduces the movement of the highest reduced mass of Ga-N of nanocrystals while growing in size.
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Figure 1: Shape of Geometrically Optimized and IR Spectra of GaN-Diamondoids as a Function of
Frequency of :A- Diamantanediamantane GasN7Hz B- Tetramantane GauNuHz C- Hexamantane
GaisNisHzD- Octamantane GazNzoHa.
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Figure 2: Raman Intensities of GaN-Diamondoids of Infrared Spectrum as a Function of Frequency of
A- Diamantanediamantane GasN7Hz2 B- Tetramantane GauNuH2 C- Hexamantane GaisNisHzoD-
Octamantane GazNzoHa.
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