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The purpose of this work is to clarify atomic and electronic structures of diamond grain
boundaries and their vicinity using the tight-binding molecular dynamics (TBMD) method. As a
typical coincidence grain boundary, we analyze ==5(001) grain boundary, and both tilt and twist
grain boundaries of *=5(001) are considered. In the case of tilt grain boundary, dangling bonds
disappear completely after the relaxation, while dangling bonds remain in the case of twist grain
boundary. We also analyze effects of hydrogen on the structure of grain boundaries. By
terminating dangling bonds with H atoms, a local transition to graphite-like structure occurs in the

vicinity of £=5(001) tilt grain boundary.
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1. INTRODUCTION

Diamond is one of the most attractive materials
because of its transparency and high thermal
conductivity. Since the CVD method became
available to produce artificial diamond, applications
of diamond to semiconductor devices, which can be
operated at high temperature, high frequency, and
high power, are studied widely. Due to further
improvement of the technology, even the thickness of
diamond films can be precisely adjusted.! However,
to apply diamond to electronic devices, we need
further cost reduction by enlarging the sample size
and by speeding up the processes. To achieve such a
goal, one must have ability to characterize and control
the structure and electronic properties of diamond
interfaces. We employ the tight-binding (TB)
method®P! to analyze atomic and electronic structure
of grain boundaries in diamond.

C. H. Xu et al¥ has developed a TB interatomic
potential for carbon in which they adopt the scaling
form given by Goodwin et al*! for the dependence of
the hopping interals on interatomic spacing. Their TB
model is shown to have good transferability when
applied to a wide variety of crystal structures: The
total energy of diamond is —8.40[eV], whereas that of
graphite structure is —8.42[eV]. These values agree
very well with experimental data. We also obtain
reasonable agreement with experimental values for
bulk modulus and other elastic constants (C,;, C,,).
Applications in molecular-dynamics studies of the
liquid phase of carbon as well as the structures of
small carbon clusters indicate that the potential
describes carbon systems very well over a wide range
of environments. Therefore, we adopt the potential
mode! to investigate grain-boundary structure of
diamond.
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2. TILT GRAIN-BOUNDARY

In this section, we discuss =5 tilt grain boundary
of diamond. Although the Z=5(001) grain boundary is
simple to simulate and analyze, it has a lot of defects.
We first relax the grain boundary structure using
TBMD method and then analyze the structure through
the bond order, Mulliken charge, and density of states.

Figures 1 and 2 are the initial and relaxed stages of

=5 tilt grain boundary, respectively. The present
model of the grain boundary can be constructed
minimally with 40 atoms per unit cell. Here we use 80
atoms to analyze grain boundary of =5.

Comparing Figs.1(a) and 2(a), we observe no
significant displacement of atoms throughout
relaxation. On the other hand, Fig. 2(b) shows large
displacement of atomic layers along z direction. This
is mainly due to a local reconstruction of atomic
structure at the grain boundary.

In Figs. 3 and 4, we observe large fluctuations of
the bond order and Mulliken charge in the vicinity of
the Z=5 tilt grain boundary. Figure 5(a) indicates that
dangling-bond states exist in the initial stage. But in
the relaxed stage, they disappear as shown in Fig.5(b).
These observations reveal that the local reconstruction
of Z=5 tilt grain boundary, accompanying atomic-
layer displacement, results in large fluctuation of
electron transfer at the grain boundary.



Atomic Structure of Grain Boundaries in Diamond: A Tight-Binding Molecular Dynamics Study

a o ‘J'Q *

TE 5 . 1)

T R S

BEN .

b e R %

e - « fesssscensivingiosies
:2‘ L L% -t " A‘. 25 by
= L2 .b-‘ * o ¢ - s
EN A o T Jrerereisanesiiiinig

; y - . . . (] e L

* LI "l - * L4 ® X B feSuveanasoren naeness

1 . - . ) 3

o - » VRN Ot ¥ 3

£ » e c:v. . Ld i""
y 5 5 g Al’ﬁf ¥
(a) xy projection. (b) zx projection.

Fig.1 Initial stage of 2=>5 tilt grain boundary.

7 . . ,.'.".o-‘ y _v“..‘ .
Py -, . | “‘-. ey
st -
(:;! LA ., -. ‘-.
e & - . TR ELR >
o3 L O A SR ey
2E" ; . ‘ Vi et
¥ . . 3 “ . Y REX LY P
n . - .ﬁ * aimn e ? i
. Al YAl ®
(a) xy projection. (b) zx projection.
Fig.2 Relaxed stage of 2=S5 tilt grain boundary.
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Fig3 Bond order(tilf). Fig4 Mulliken charge(tilt).
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(b) Relaxed stage.

(a) Initial stage.

Fig.5 Density of states(tilt).

3. TWIST GRAIN-BOUNDARY

In this section we discuss relaxation process, bond
order, Mulliken charge, and density of states in the
case of twist grain boundary of £=5. Schematic view
of the system setup and atomic positions of the initial
stage of 3=5 twist boundary® are shown in Fig.6.
Twist grain boundary of =5 can be constructed
minimally with 40 atoms per unit cell. We analyze the
twist grain boundary with 160 atoms.

The initial and relaxed stages of the twist boundary
are shown in Fig.7. There are three dangling bonds
in the initial stage, and these remain even after the
relaxation. By effect of the relaxation, however, two
or three atomic layers in the crystalline parts are
largely distorted.
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(a) Model for analysis.

(b) Atomic positions.

Fig.6 Twist grain boundaries.
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(a) Initial stage. (b) Relaxed stage.

Fig.7 [Initial and relaxed stage (twist).

In Figs. 8 and 9, we see that electronic structures in
crystalline parts remain rather undisturbed, in contrast
to the cases of tilt grain boundary. But bond order and
Mulliken charge at the grain boundary undergo large
changes reflecting less adjustment of atomic layers
compared to the tilt grain boundary. In Fig. 10, there
are a lot of dangling-bond states in the initial stage
and they remain in the relaxed stage.

1 - o H
i ‘ﬁ- 3 i
1 B RS N 3 o 10
- e =
e ‘v W <~ .
- A i— i oo
b oo 2
o 7 % Lo e B 1
U Bond ordee ¢ : Nultiken chargs™

Fig.8 Bond order(twist). -Fig.9 Mulliken charge(twist).
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(a) Initial stage. (b) Relaxed stage.

Fig.10 Density of states (twist).
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4. EFFECT OF HYDROGEN

We try to couple hydrogen with dangling bonds in
the tilt grain boundary. Figure 11 shows where we
terminate the dangling bond with a H atom in a grain
boundary. In the initial stage of tilt grain boundary of
'T=5', where some carbon atoms have only three
neighboring atoms, we place hydrogen atoms at the
positions along the direction of tetrahedral structure.
Bond length (0.97A) of this C-H pair is determined
so that the potential energy has the lowest value. The
system analyzed consists of 80 carbon and 8 hydrogen
atoms.

@c o
Fig.11 Model of Z=5 tilt grain boundary (left) and relative
position of H atom inserted (right).
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(a) xy projection. (b) zx projection.

Fig.12 Initial stage with H atoms (cross).
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(a) xy projection. (b) zx projection.

Fig.13 Relaxed stage with H atoms (cross).

By including hydrogen, the effect of atomic-layer
displacement becomes quite different from the cases
without H. Interlayer distances are nonuniform in the
relaxed stage, as shown in Fig.13(b).

Figure 14(a) shows that the number of dangling-
bond states is decreased by including hydrogen. After
the relaxation, the overall shape of the density of
states is changed largely and we do not observe
energy gap anymore.
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(a) Initial stage. (b) Relaxed stage.

Fig.14 Density of states (with H atom).

Figures 15 and 16 show snapshots of Z=5 grain
boundary with hydrogens. The system in Fig. 15 is
annealed and quenched by removing kinetic energy
every 24 fs (femto second). By inserting hydrogen,
diamond structure in the vicinity of grain boundary
changed to graphite structure. Figure 16 shows, on the
other hand, that no local transition to graphite-like
structure occurs without annealing.

Table I indicates that tilt grain boundary of Z=5 is
more stable than twist grain boundary. This is the
effect of large displacement of atomic layers in the
case of tilt grain boundary. In the case of coupling
hydrogen at the grain boundary, the energy of the
relaxed stage is much lower than other cases.

(b) At97 fs.

Fig.15 The xy projection of atomic positions in relaxation
process of =5 tilt grain boundary with 8 hydrogen
atoms (small white balls). The system is quenched
by removing kinetic energy every 25 fs.
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(b) Relaxed stage.

Fig.16 The xy projection of atomic positions in relaxation
process of 2=5 tilt grain boundary with 8 hydrogen
atoms (small white balls). The system is relaxed
by the steepest-descent method.

Table I. Comparison of energy per atom.

Initial [Relaxation| Interfacial
Stage[eV] | Stage[eV] Energy* [3/m?
3=5(tilty | -7.69 | -8.17 4.61
Z=5 (twist)] -7.29 -7.78 9.97
5=5+H(2)) -808 | -9.25
5=5+H(®) -808 | -935

*: Interfacial energy is defined here as the difference per unit
area of the interface between the energy of system with
grain boundary and that of perfect crystal of same size.

a: The system is relaxed by the steepest-descent method.

b: The system is annealed and quenched by removing kinetic
energy every 24 fs.

5. CONCLUSION

The atomic structures of grain boundaries in
diamond are analyzed using tight-binding molecular
dynamics. The bond order, Mulliken charge, and
density of states are calculated to characterize the
electronic structures in the material. In the case of Z=5
tilt grain boundary, dangling-bond states which exist
in the initial stage almost disappear after the
relaxation of the structure. Density of states of the
relaxed structure is similar to bulk diamond. In the
case of £=5 twist grain boundary, on the other hand,
dangling bonds do not disappear completely. Bond
order, as an index of bond strength, in =5 twist grain
boundary is about twice as much as that in =5 tilt
grain boundary. We have also analyzed Z=5 grain
boundary with hydrogen. Due to the bond

termination by hydrogen atom, the grain-boundary
structure changes so drastically that structural
transition takes place locally to graphite-like structure.
This occurs only through dynamic relaxation and is
not observed in the steepest-descent relaxation.

Further investigations are needed for systematic
characterization of grain-boundary properties. To
apply the present theoretical method to a variety of
grain-boundary structures, more efficient algorithms!™
need to be implemented. A parallel implementation
of an order-N TBMD algorithm has already been
made,® and has shown to be very effective for grain-
boundary analyses.
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