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Abstract

We discover a unique structural-modified diamond that exhibits similar symmetry and band gap
energy to that of the pure diamond. We study a complex carbon-vacancy-hydrogen in the diamond using
the density-functional-theory method. The defective models are created by adding H-interstitial (H;, where
i =1, 2, 3and 4) in the 3D diamond C-monovacancy. The result shows that carbon-vacancy-hydrogen
defects significantly decreased the symmetry from Tq to Cyy. Likewise, the volumetric size of the systems
is widening up to 48.70 %, while the optimized band gap energies are narrowing. Additional states appeared
in the C-monovacancy, Hi-V, Hz-V, and Hs-V systems which further improved electron mobility. The H;
compensates the C-monovacancy which further serves as a deep donor. Interestingly, Hs-V exhibits similar
symmetry and band gap energy to that of the pure diamond, but its volumetric size is 48.70 % wider.
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Introduction

Over decades, diamond has gained a huge interest in both experimental [1,2] and computational [3-
5] studies. Diamond is a unique semiconductor material with an ultra-wide band gap energy (5.47 eV) and
superb electronic as well as optical properties [6]. Diamond holds potential application in high-technology
areas due to its high electron-hole mobilities [7], excellent thermal conductivity, and high breakdown
voltage [8]. For that reason, diamond has been used for a wide range of applications, from electronic devices
to industrial tools. Nevertheless, these superb properties are extremely sensitive to the presence of defects
including impurities [9], vacancies [10] and doping [5,9]. One of the most common defects in the diamond
material is vacancies. In many cases, the presence of vacancies has significantly affected the electronic,
mechanical and optical properties of the diamond [10-12].

Density functional theory (DFT) has been established as a simulation approach to evaluate the
properties of various vacancies materials such as diamond [10,13], graphene [14,15], germanene [16,17],
germanium [18,19] and h-BN [20,21]. In our previous study, we successfully evaluated the multi-vacancies
behavior of 3D diamond material. Multi-vacancies are large-sized vacancies which is formed by the
diffusion of small-sized vacancies. Our calculation revealed that the C-vacancies distorted the atomic
distances which further lowered the structural symmetries [10].

Aside from vacancies, hydrogen is also known as a ubiquitous defect in most semiconductor materials
[22], particularly diamond [5,9]. The studies of hydrogen in diamonds have been widely investigated using
various theoretical methods [9,23-25]. Hydrogen might be present as an interstitial defect which is located
at the center bond site of carbon atoms in the diamond lattice [23,24]. Interestingly, these interstitial
hydrogen (Hi) defects induced some defect states in the band gap which further compensated n-type and p-
type dopants [23-25]. Nonetheless, there is still limited study that comprehensively studies the geometric,
energetic and electronic properties of H-interstitial in diamond C-monovacancy.

Herein, this work aims to elucidate the effect of the structural, energetic, and electronic properties of
the H-interstitial in C-multivacancy diamond. We modeled complex carbon-vacancy-hydrogen systems and
evaluated the properties through DFT calculations. We evaluate the equilibrium geometry, symmetry,
formation and absorption energies, reaction coordinates, and band structure of each defect system. We
believe that the results will be beneficial for future development of diamond-based devices.
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Materials and methods

The research uses the concept of continuous calculation. The basis of our computational approach is
based on the plane-wave method, which is commonly used to investigate properties associated with defects
and/or impurities in the 3D crystalline structure using Density Functional Theory (DFT) [4,5,10]. The code
library used is PHASE/O [20] and the Exchange Correlation Potential used to calculate is called Generalized
Gradient Approximation (GGA) [4,10,26]. We use the ultrasoft-pseudopotential. The calculated lattice
constant is obtained from optimizing the cell volume with respect to energy by using the Birch-Murnaghan
equation of state defined as follows [27]:
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where Go is the minimum energy, Vo is the optimized cell volume, Qo is the optimal bulk modulus and Qo
is the gradient of the bulk modulus. Using Eq. (1), the optimized lattice constant is obtained to be 3.59 A,
which is close to the theoretical [28,29] and experimental [30-32] values.

The diamond supercell is modeled in a simple cubic supercell of 216 atoms. A cut-off energy of 25
Ry and a Monkhorst-Pack scheme with 4x4x4 k-points have been used for integration in the Brillouin zone.
The geometry has been optimized for the relaxation of 216 atoms so that the atomic force is less than
5.0x103 eV AL The converged energy criterion is 10-® hartree. We simulate the monovacancy defect by
removing a carbon atom at the center of the supercell, resulting in C-monovacancy. Furthermore, 4 15-
nearest-neighbor atoms lose their bonds, resulting in 4 broken bonds of C atoms. The hydrogen interstitials
were placed in each broken bond to create complex carbon-vacancy-hydrogen systems. The number of
hydrogens varied from 1 to 4, following the number of broken bonds. Eventually, the configurations were
denoted as Hi-V, H2-V, Hs-V and Hs-V as shown in Figures 1(c) - 1(f).

In particular, the atoms of C-monovacancy have similar forms as an irregular tetrahedron as displayed
in Figure 1(b). The defect volume and its change for each system are calculated using the following
equation [33]:
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where D' = E?2+F%? — A%, E' = D?*+F? — B%, and F = D?+E? — C2. Moreover, the defect volume is
calculated before modification/pure diamond (V) and after modification by carbon-vacancy-hydrogen
(V¢). The volume changes before and after relaxation (AV) is calculated by the following equation [34]:

AV =% 5 100 % (3)
Vo
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Figure 1 Schematic configurations of the (a) pure diamond, (b) C-monovacancy, (¢) Hi-V, (d) H>-V, (e)
Hs-V, (f) HsV, (g) 1%-nearest-neighboring atoms, and (h) 2"-nearest-neighboring atoms of C-
monovacancy.
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We also calculate the formation energies for each defect structure by using equations as follows [26]:
Ef = Esys - (Ep — U +npy) 4)

where E is the system formation energy (eV), is the system energy (eV), Es, is the pure diamond system

energy (eV), U, is the chemical potential of carbon atoms, uy is the chemical potential of hydrogen atoms
and n is the number of hydrogen atoms. The energy of formation can provide us with information about
the stability of a system.

In addition, we also calculated the absorption energy of each system. Absorption energy indicates the
strength of the C-H bond interaction when the C-monovalent has hydrogen interstitials using the equation
as follows [35,36].

E, = Esys — (Ey + nuy) ©)

where E, is the absorption energy of the system (eV), E, is the energy of the system (eV), E,, is the

monovacancy energy of diamond (eV), Uy is the chemical potential of hydrogen atoms and n is the number
of hydrogen atoms.

Results and discussion

Optimized geometry

We model the H-interstitial on C-monovacancy diamond as illustrated in Figure 1. The C atoms in
pure diamond are uniformly separated at 2.54 A apart (Figure 1(a)). Moreover, the C-monovacancy is
created by removing a single C atom at the center of a 3D diamond (216 atoms) as shown in Figure 1(b).
In consequence, 4 dangling bonds are present at the 1%t-nearest-neighboring atoms. While quadruple C
atoms at the 2"%-nearest-neighboring atoms remained. As the geometry was optimized, it changed from a
regular tetrahedron to an irregular tetrahedron. To further evaluate the volume-system changes, we measure
the distance between the 1-nearest-neighboring atoms (Figure 1(g)) and the 2"-nearest-neighboring atoms
(Figure 1(h)) of the optimized system. In the case of C-monovacancy, we obtain the 1%-nearest-neighboring
distances of L, =2.60 A, L, =2.74 A and L, = 2.74 A. While the 2"%-nearest-neighboring distances are S; =
156 A, S,=5,1.50 A.

Interestingly, as the H-interstitial was added into the system to create Hi-V, the 1%-nearest-
neighboring distances were changed to be L, =2.78, L, = 2.78 A and L; = 2.74 A (Figure 1(c)). The system
is widening by 102 A relative to the C-monovacancy systems. The H atom tends to occupy the interstitial
C — C and widen the systems since it needs an extra site for the H atom. Unlike the C-monovacancy, the
H;-V system has 1 H-site and 3 vacancy sites at the 2"-nearest-neighboring site. Consequently, the 2"
nearest-neighboring distances at the vacancy site are S; = 1.52 A, S, =S, 1.49 A. Surprisingly, the 2M-
nearest-neighboring distances at the H-site have similar atomic distances of S; =S, = S; = 1.52 A.

Adding 2 H atoms to create the H,-V system causes the 1%-nearest-neighboring distances to
significantly change (Figure 1(d)). The L; and L, move 2.80 A away, while the L; move 2.67 A closer.
The 2M-nearest-neighboring distances at the vacancy site were also changed. The S; moves 1.55 A away,
whereas the S, and S, remained at 1.49 A. As for the Hz-V system, the measured 1%-nearest-neighboring
distances are L, = 2.85 A, L, = 2.81 A, and Ly = 2.82 A which is wider than the previous systems (C-
monovacancy, Hi-V and Hp-V). The 2"-nearest-neighboring distances at the vacancy site are S; =S, =S,
1.50 A (Figure 1(e)). More importantly, the 2"-nearest-neighboring distances at H-site are similar for H;-
V, Hz-V, and Hz-V which are S; = S, = S = 1.52 A and the C-H bond distances are 1.05 A. The obtained
C-H bond distance is close to the previous work [5,37]. Likely, as the H atom is bound to the triple C atoms,
the systems are relaxed and optimize their distances to form CsH where the distances are uniform.

In particular, for Ha-V, all C neighboring atoms are bound to H atoms. Resulting there are only the 27%-
nearest-neighboring distances at H-site which are S; = S,= S;= 1.52 A. Interestingly, the 1%-nearest-
neighboring distances are also uniform at L, = L, = Ly = 2.89 A which is wider than the other systems. From
the explanation above, it can be inferred that the system tends to widen as the systems are modified by the
complex carbon-vacancy-hydrogen systems. The changes in the system volume are summarized in Table 1.
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Table 1 Summary of the atomic distances around the carbon-vacancy-hydrogen.

The 2" nearest neighbor

The 1% nearest neighbor - -
Systems Vacancy-site H-site

Ly (A L, (A) Ly (A) 51 (A) S, =838  S1=5,=5;A)
Pure 2.54 - - - - -

C-mono 2.60 2.74 2.74 1.56 1.50 -
Hi-V 2.78 2.78 2.74 1.52 1.49 1.52
Ha-V 2.80 2.80 2.67 1.55 1.49 1.52
Hs-V 2.85 2.81 2.81 1.50 1.50 1.52
Hs-V 2.89 2.89 2.89 - - 1.52

Energetic and geometric evolution

We calculate the formation energies using Eq. (4). The formation energy of C-monovacancy is 6.75
eV which is in line with previous studies [4,10]. The C-monovacancy system is distorted, widening by
18.65 % and lowering the symmetry from Tq to Dag [10,38,39] as summarized in Table 2. In the case of
Hi-V, the formation energy is significantly decreased from 6.75 to 3.54 eV. The addition of 1 H atom to
the C-monovacancy system results in a significant change in the unity of the system. To further elucidate
the stages of change in the system, we plot the reaction coordinate as given in Figure 2.

The reaction coordinate represents the energetic and geometric evolution of the H-interstitial. In
general, the reaction coordinate of the H1-V system consists of 4 states: C-monovacancy, initial state,
transition state and final state. In the beginning, C-monovacancy has D2y Symmetry with the 1%-nearing-
neighboring distances represented as L,, L, and L. At the initial state, the 1%-nearest-neighboring atoms
are remaining the same. Thereafter, at the transition state, the nearest atoms move away, increasing the
distance. Eventually, the distance became wider and the system relaxed at the final state. It was widening
by 28.50 % relative to the pure diamond. An outward relaxation occurs in the Hi-V system, resulting in the
lowering symmetry from D4 (C-monovacancy) to Csy (H1-V). The Hi-V has symmetry elements of Cs, Cs*
and oy as illustrated by Figure 6(a).

Table 2 The calculated formation energies (Ef), absorption energies (E,), volume of the optimized system
(V), volume changes (AV), and symmetries of each configuration.

Systems Ef (V) E, (eV) V (A3 AV (%) Symmetry References
Pure - - 1.93 - Tq This work
- - - - Tq [10]
C-mono 6.75 - 2.29 18.65 D2d This work
6.44 - - - D2 [38]
6.99 - - - D2 [39]
Hi-V 3.54 -1.17 2.48 28.50 Csv This work
- - - - Csy [37]
Ha-V 0.55 -2.12 2.54 31.61 Cov This work
Hs-V -1.71 -2.33 2.68 38.86 Csv This work

Hs-V -3.94 -2.52 2.87 48.70 Ty This work
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Figure 2 Reaction coordinate of Hi-V: An outward relaxation occurs and forms the Csy symmetry
configuration.
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Figure 3 Reaction coordinate of H.-V: An outward relaxation occurs and forms the Cy symmetry
configuration.

Moreover, the formation energy of H,-V greatly decreased to 0.55 eV. It decreased by 2.99 eV relative
to the Hi-V and 6.20 eV relative to the C-monovacancy system. Figure 3 shows the reaction coordinate for
the H,-V system which only consists of 3 states. At the initial state, the nearest atoms have no change in
distance. At the transition state, some of the nearest atoms are distanced, while other atoms become closer.
In contrast, the atoms move oppositely at the final state. Thus overall, the system is outwardly relaxed with
a volume growth of 31.61 %. In addition, the Ho-V has C; (rotation by p?) in x-, y-, and z-axes, vertical
mirrors in y-z-axes (cv) as well as in y-z-axes (¢’y), as illustrated by Figure 6(b). Therefore, it belongs to
the Cay symmetry which is lower than C-monovacancy and the Hi-V system.
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Figure 4 Reaction coordinate of Hs-V: An outward relaxation occurs and forms the Csy symmetry
configuration.

We next calculate the formation energy of the Hs-V system. It is also reduced by 2.26 eV compared
to Hz-V and 8.46 eV from the C-monovacancy system. From Figure 4, we observe the initial, transition,
and final states of the system during the relaxation process to track the changes in the distance between
neighboring atoms. There is no change in the distance between nearby atoms at the initial state. Whereas at
the transition state, the distance of the nearest atoms lengthens. Otherwise, in the final state, the distance of
the nearest neighbors shortens. However, when compared to the initial state, the system still experiences
expansion and volume growth, which is 38.86 % relative to the pure diamond. Similar to the Hi-V system,
the Hs-V system has a Csy symmetry with the axis of rotation passing through the dangling bond carbon
and towards the vacancy center as illustrated in Figure 6(c). Nevertheless, although H:-V and Hs-V have
similar symmetries, they are completely different in size. The Hs-V has a larger volume compared to the
Hi-V system.

We subsequently added 4 H atoms into the C-monovacancy system to create the Ha-V system. The
formation energy of the Hi-V system is —3.94 eV. A low formation energy value indicates that the system
has good stability. The hydrogen atoms passivate the dangling bonds at the C-monovacancy, so there are
no dangling bonds at the vacancy site. Then, by plotting the reaction coordinates, we analyze the changes
in the system, refer to Figure 5. The distance between the closest atoms increases during the transition
stage. Besides, the distance between nearest neighbors shortens and the atoms grow closer in the final state.
However, when compared to the pure diamond, the system continues to expand and rise in volume by 48.70
%, which is referred to as outward relaxation. Interestingly, although these systems exhibit distinctive
volume sizes, they have similar symmetries. The symmetry of the Hs-V system returns to that of pure
diamond, which is T4 (Figure 6(d)). This is likely because all the broken bonds bind to H atoms, meaning
there was no monovacancy in the diamond.
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Figure 6 Schematic geometry of (a) Csv symmetry for Hi-V, (b) Cov symmetry for Ha-V, (¢) Csv symmetry
for Hs-V, and (d) T4 symmetry for Hs-V system.

The formation energy describes the energy required to form the H;-V system. It indicates the stability
of a system [38-41]. The lower the formation energy, the more stable the system. The data trend shows that
as the number of H atoms goes up, the formation energy decreases. From the data, we know that the Hs-V
system is the most stable over the other systems. While the absorption energy represents the ability of H
atoms to interact with carbon atoms in diamond. The strength of the C-H bond can be determined by
calculating the absorption energy. Absorption energy of the Hi-V, Hz-V, Hz-V and Hs-V systems are shown
in Table 2. The data supports the assertion that the Hs-V is the most stable system. It is characterized by its
most negative energy absorption, meaning that the electrons’ hydrogen atoms have absorbed energy and
moved to a higher energy level, so the interaction is even stronger.

Band structure

We evaluate the band gap energy of each system by calculating the band structure as well as the DOS.
Figure 7 shows the resultant electronic band structure of pure diamond obtained from the DFT calculations.
The band gap of each system is summarized in Table 3. From the calculation, the band gap value of pure
diamond is 3.90 eV which agrees with the theoretical values [42,43]. It needs to be highlighted that the
calculation through DFT (LDA or GGA) underestimates the band gap in most cases, as summarized in
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Table 3. Therefore, the band gap values of the theoretical calculation will significantly differ from the
experimental calculation [42-45].

Table 3 Summary of band gap of each system.

Systems Method Band gap (eV) References
Pure diamond GGA 3.90 This work
LDA/GGA 3.27-4.11 [42]
GGA 4.21 [43]
HSEO06 5.42 [43]
GW 4.89-5.44 [42]
GW 5.41-5.55 [44]
Expt. 5.48 [45]
C-monovacancy GGA 3.32 This work
Hi-V GGA 3.45 This work
Ha-V GGA 3.33 This work
GGA 3.10 [46]
Hs-V GGA 3.54 This work
Hs-V GGA 3.90 This work

Figure 8 is the band structure and the DOS for the C-monovacancy system. The absence of a C atom
tends to decrease the band gap energy from 3.90 to 3.32 eV. Moreover, it can be seen from Figure 8 that
the valence energy (Ey) is 1.12 eV above the valence band maximum (VBM), while the conduction energy
(Ec) is 2.04 eV below the conduction band minimum (CBM). Thus, the actual band gap of C-monovacancy
is 0.16 eV. Removing a single C atom induced a defect in the pure diamond which modified the band
structure. The presence of vacancy tends to decrease the deformation potential constant which further
increases the electron mobility [47].
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Figure 7 Band structure of the pure diamond.
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Figure 9 Band structure of the H;-V system.

The band structure and the DOS for the Hi-V system is shown in Figure 9. The band gap of this
system is 3.45 eV. Nevertheless, 2 additional states appeared near the Fermi level. As a single H atom was
added into C-monovacancy, the E. shifted closer to the Fermi level. In contrast, the E, shifted closer to the
VBM. In this case, the E. is 2.37 eV below the CBM, and the Ey is 0.08 eV above the VBM. Therefore, the
actual band gap of the H1-V system is 0.90 eV.

Figure 10 shows the band structure and DOS of the H>-V system. Adding 2 H atoms shifted the E.
even closer to the Fermi level. The E. is 2.53 eV below the CBM. By considering that the E, is 0.16 eV
above the VBM, we obtain the actual band gap of the H2-V system is 0.54 eV. As for the Hs-V system, the
band structure and DOS can be seen in Figure 11. Similar to the H>-V system, the presence of H-interstitial
tends to shift the E; way closer to the Fermi level.
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Figure 12 Band structure of the Hs-V system.
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From Figure 11, we can see the E; of the Hs-V system is 2.97 eV below the CBM, while the Ey
remains the same. The Hs-V system exhibits 0.57 eV actual band gap energy. Surprisingly, the Hs-V system
exhibits a similar band gap energy to that of the pure diamond, which is 3.90 eV (Figure 12). Therefore, it
can be inferred that in the case of Hi-V, H2-V and Hs-V, the H-interstitials act as deep donors which create
additional states between CBM and Fermi levels. In consequence, the new states will promote electron
mobility from the valence band into the conduction band which further improves the electronic property of
the modified-diamond. In the case of Hs-V, the dangling bonds are completely passivated by the H-
interstitials. Thus, its band gap energy is returned to the pure diamond. Likewise, both systems have Tq
symmetry. Nevertheless, the volumetric sizes of both systems are completely different. As mentioned
above, the Hs-V system is 48.70 % wider than the pure diamond. Likely, it is possible to obtain 2 different
geometric systems with similar symmetries and electronic properties.

Conclusions

We have successfully demonstrated the effect of the complex carbon-vacancy-hydrogen defects on
the pure diamond. The presence of the H-interstitials (Hi-V, H2-V and Hsz-V) changes the band structures,
which is indicated by reducing the band gap and additional states near the Fermi level. Likely, the H-
interstitials compensate for the C-monovacancy which further serves as a deep donor. More importantly,
we discover unique properties of the H4-V system. Hz-V has a 48.70 % wider volumetric size compared to
the pure diamond; however, it exhibits similar symmetry and band gap energy to that of the pure diamond.
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