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The paper presents the results of the quantum-chemical simulation of the divacancy defect V2 and the
"split" divacancy V-C-V in the surface layers of C(100)-(2x1) diamond. Calculations were performed using
the semi-empirical PM3 method realized in a MOPAC software package and ab initio methods implement-
ed in Firefly (known as PC GAMESS). Six configurations of the divacancy defect Va are considered. It is
shown that the position of the divacancy in the first layer of the surface is the most energetically favorable.
The calculations of geometric and electronic characteristics of the divacancy in the ground state are per-
formed. The energy characteristics of atomic hydrogen adsorption on the surface containing divacancies
are estimated. It is shown that the divacancy defect Vs on the diamond surface has an increased chemical
activity as compared with an ordered surface. Potential adsorption sites are atoms in the divacancy V3 re-
gion with double bonds. The formation of the “split” V-C-V divacancy is more energetically favorable than
the formation of the divacancy V2 in 3-4 layers of the surface. It is explained by the formation of graphene-
like surface structures (Hexagons) from atoms of the first two surface layers caused by the existence of va-
cancies in the third layer of the cluster under dimer row. The formation of such a defect is accompanied by
a change in the bond orders, hybridization of atomic orbitals and adsorption activation energy for hydrogen
atoms compared with the ordered surface. Thus, the divacancy defects in the C(100)-2x1 diamond surface
layers cause significant changes in the geometry and electronic state of the surface. Depending on the loca-
tion of the defect, the active or passive chemisorption centers may be formed affecting the mechanism and
energy of the process.
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1. INTRODUCTION

Vacancies are important defects that affect the elec-
trical, optical, adsorption, and tribological properties of
the diamond surface layers [1-4]. Basically, the struc-
ture and properties of surface layers are crucial for the
functioning of devices and components based on thin
diamond films and nanodiamonds. The most important
surfaces of diamond, formed by chemical vapor deposi-
tion (CVD) method, are the C(100) and C(111) surfaces
[5]. The use of diamond-based devices in extreme condi-
tions causes the appearance of radiation defects, among
which may be divacancy and multivacancy. However, a
large number of theoretical [6, 7] and experimental
[8, 9] studies are mainly devoted to the study of vacan-
cy defects in the bulk of diamond, and studies of diva-
cancy defects in the surface layers are currently lack-
ing.

The structure and relative stability of vacancy de-
fects on reconstructed C(111) and C(100) diamond sur-
faces were studied by molecular dynamics methods in
[10, 11]. In the framework of the electron density func-
tional theory (DFT), the authors of [12] showed that the
energy of divacancy formation in the first layer of the
C(100)-(2x1) surface is equal to Eqy=1.28 eV, and the
formation energy of monovacancies is significantly
higher — Emv=2.97 V. The diffusion of monovacancies
from the first layer to the second layer is associated
with an increase in the surface energy of about 3 eV
and, therefore, is energetically unfavorable. However,
these studies are limited to considering the position of
vacancies in 1-2 surface layers only. In the presence of
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vacancy defects, a local reconstruction of the surface
occurs accompanied by rehybridization of electronic
states, breaking the existed bonds and the formation of
new bonds between surface atoms. These processes can
significantly affect the spectral characteristics and en-
ergy parameters of adsorption and desorption of parti-
cles on the surface. The aim of this work is to establish
the geometrical parameters and to study the electronic
state of divacancy defects in 1-4 subsurface layers of
C(100)-(2x1) diamond surface using semi-empirical
methods of quantum chemistry.

2. CALCULATION PROCEDURE

The simulation of a clean reconstructed diamond
surface C(100)-(2x1) was carried out on the CigsHi12 and
Ci26Ho1 clusters using semi-empirical quantum chemical
methods implemented in the MOPAC software package
and ab initio methods implemented in Firefly (known as
PC GAMESS). The initial clusters contain 5 atomic lay-
ers. Dangling bonds of carbon atoms on the edge of the
clusters were saturated with hydrogen atoms (monova-
lent pseudoatomic model). The use of the semi-empirical
PM3 method allowed to achieve the maximum corre-
spondence of the obtained geometric and energy charac-
teristics of the C(100)-2x1 surface to the published lit-
erature data [12].

When simulating vacancy defects in the surface lay-
ers of diamond, carbon atoms were removed from the
lattice points of 1-4 layers of the central part of the
Ci95H112 cluster (Fig. 1). The search for equilibrium
geometrical configurations of defects was carried out by
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varying the positions of the atoms surrounding the di-
vacancy defect.

The Davidson-Fletcher-Powell method was used to
determine the optimized geometry of the system that
meets the minimum total energy. At stationary points
of the system, the gradients on the atoms did not ex-
ceed 3 kcal/A. The total cluster energy, atomic bond
orders, valences, value of the electron density, atom
orbital populations, atomic charges, localized molecular
orbitals and hybridization of atomic orbitals were calcu-
lated. To simulate the processes of hydrogen adsorp-
tion, the calculation of the reaction coordinates was
used. For “atomic hydrogen — surface” interaction the
distance between the hydrogen atom and one of the
surface carbon atoms was chosen as the reaction coor-
dinate. The coordinates of all other atoms of the system
were optimized freely.

3. RESULTS AND DISCUSSION

In the case of random collisions of individual vacan-
cies they can be combined into pairs — divacancy. Their
total surface decreases, and the corresponding gain in
surface energy ensures the stability of the divacancy.
In the bulk of a solid, the concentration of divacancies
depends on the concentration of monovacancies and the
binding energy for a pair of vacancies. In the surface
layers, the stability of various vacancy defects, which
are formed, for example, by ion implantation or irradia-
tion, may be caused by a large value of the migration
energy or transformation of the defect, which may be a
reason for its localization.

The characteristic of the reconstructed C(100)-(2x1)
diamond surface is the rows of surface dimers. Each
dimer carbon atom on the C(100)-(2X1) surface forms
two covalent o bonds with neighboring atoms of the
second layer and dimeric bonds with the atom-neighbor
of the first layer. The dimer bond is double and is
formed by the overlap of two hybrid orbitals of atoms-
forming the dimer; its length is 1.40 A. A strong o-bond
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formed by the overlap of low-energy atomic orbitals (s-
component ~ 35 %). The other weaker z-bond is formed
by overlap of high-energy atomic orbitals with a high p-
component (s-component ~ 3 %) that are oriented per-
pendicularly to the surface plane. During the adsorp-
tion of particles on the C(100)-(2x1) surface, the #~bond
will first be destroyed, and the activation energy of ad-
sorption on carbon atoms of surface dimers will depend
on the energy required for the destruction of the z-bond
in dimer. An example of such a dimer is the C17-C18
dimer in Fig. 1a and in Table 1.

3.1 The Divacancy Defect V2

Divacancy defect Vz in diamond is the absence of two
adjacent carbon atoms in the lattice points. The diva-
cancy defect V2 on the C(100)-(2x1) surface was simu-
lated by removing two carbon atoms from neighboring
cluster points and subsequent optimization of the sur-
face geometry. In Fig. 1a, for clarity, a schematic model
of the C(100)-(2x1) surface (top view) is shown with
numerization of atoms in 1-3 surface layers.

Six configurations of the divacancy defect were con-
structed, in which vacancies (V) were located in adjacent
points of 1-4 surface layers. For example, V1 means
that the vacancy is located instead of atom 1 indicated
in Fig. 1:

A — in the points of the first (upper) dimer rows 1
and 2 (V1 and V2)

B — in the sites of the first and second layers of the
cluster V2 and V8;

C — in the points of the second and third layers of
the cluster V8 and V14;

D — in the points of the third and fourth layers of
the cluster V14 and V of the 4-th layer;

E — in the points of the second and third layers of
the cluster V8 and V13;

F — in the sites of the third and fourth layers of the
cluster V13 and V of the 4-th layer.
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Fig. 1 — Schematic model of the C(100)-2x1 surface, top view (a), a fragment of the CiosH112 cluster simulating the ordered dia-
mond surface C(100)-2x1 (b), a cluster fragment simulating the C(100)-2x1 surface with defect V2 in the ground state — configura-

tion A, the top view (c)

From all the considered configurations of divacancy
Vg, configuration A has the minimum energy. Fig. 1c
presents a fragment of a cluster, which shows the
numbers of carbon atoms in the cluster and the posi-
tions of divacancy V2 in the ground state (the ground
state corresponds to configuration A). The relative val-
ues of the total energy of the surface with a divacancy

of various configurations are shown in the diagram
(Fig. 2). The zero point is the total energy of the cluster
with a divacancy V2 in the configuration A.

Let’s consider the ground state (configuration A) of
the V2 defect on the C(100)-2x1 surface. The appearance
of the divacancy results in a local surface rearrange-
ment: the lengths and bond orders of atoms around the
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divacancy change, which reflects changes in the rehybri-
disation of these atoms orbitals. The dimer bonds C3-C4
and C25-C26 near the divacancy Ve become single, their
length increases in comparison with the ordered surface
and is equal to d =1.517 A-1518A (Table 1). The bonds
between atoms of the first and second layers C5-C25, C6-
C26, C3-C7 and C4-C8 become double, have a bond order
1.44 and a length d = 1.443 A-1.445 A. This is due to the
reorientation of active orbitals with a high p-component
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of the atoms of the first layer C3-C4, C25-C26 from di-
mer bonds to bonds with the atoms of the second layer. It
can be assumed that the absence of dangling bonds in
configuration A is a result of the double bonds formation
between atoms around the divacancy and the cause of
the minimum value of the total energy for this configura-
tion. The value of charge redistribution on atoms in the
divacancy region is insignificant; therefore, such a diva-
cancy defect will be considered uncharged.

Table 1 — Geometric and electronic characteristics of the C(100)-(2X1) surface with a divacancy in the first layer (configuration A,

as shown in Fig. 1c)

No Q@n, e Pny M Puym Qu, e Pny Rnu A s-comp. LON, % | s-comp. LOwm, %
4 3.95 —0.021 1.44 1.443 40.5 38.5
13 3.96 +0.101 0.98 1.518 38.4 31.8
8 +0.043 3.93 14 3.96 + 0.090 0.95 1.517 41.7 29.9
4 3.95 —0.021 1.44 1.443 5.0 4.6
8 3.93 + 0.043 1.44 1.443 40.1 39.3
3 3.95 —0.041 0.96 1.517 38.2 32.7
4 -0.021 3.95 10 3.95 + 0.022 0.95 1.521 42.5 29.7
8 3.93 +0.043 1.44 1.443 4.6 5.0
18 3.90 —0.012 1.82 1.402 36.0 35.3
21 3.93 —0.054 0.96 1.521 38.2 30.7
17 | +0.008 3.96 23 3.94 + 0.022 0.96 1.542 40.5 28.8
18 3.90 —0.012 1.82 1.402 3.1 3.4

Designations in Table 1: N, M are the number of an atom in a cluster; @y, Qu are the charges on the atom; Py, Pum are valences;
Rnwm is the interatomic distance; Py is the bond order, s-comp. LOx is the s-component of NV atom localized orbital
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Fig. 2 - A diagram of the total energy values of the surface
with defect V2 on the C(100)-2x1 surface in A-F configurations

There are no significant changes in the hybridiza-
tion of atomic orbitals around the Va defect — the atoms
of the second layer C5, C6, C7 and C8 are in the sp3-
hybrid state, but the hybrid orbital which takes part in
the mcoupling with the atoms of the first layer has a
high p component (s-component is about 5 %). It can be
assumed that the presence of a weak #bond of C5-C25,
C6-C26, C3-C7, and C4-C8 atoms makes these atoms
active adsorption centers. To test this assumption, we
have carried out a simulation of the adsorption of atom-
ic hydrogen onto atoms surrounding a divacancy defect.
As a result of calculations of reaction coordinates be-
tween the hydrogen atom and the C3, C4, C7 and C8
atoms, the values of the adsorption activation energy

Ea and the heat of adsorption g were obtained (Table 2).
For adsorption on atoms in divacancy region, the value
of the activation energy is lower than for adsorption on
an ordered part of the surface (C18 atom).

Thus, atoms around a divacancy are preferred ad-
sorption centers. However, chemisorption of hydrogen on
atoms of the second layer has a greater value of the heat
of adsorption and does not lead to the formation of dan-
gling bonds on the surface, as compared to chemisorption
on atoms of the first layer of C25, C26, C3 and C4.

For example, chemisorption of hydrogen atoms on
C5, C6, C7 and C8 centers causes the formation of
strong C-H covalent bonds. Thus, all the bonds of the
second layer atoms will be saturated. The double bonds
of these atoms with the atoms of the first layer C25,
C26, C3 and C4 will be destroyed. These atoms will also
restore the double bonds between themselves in the
C25-C26 and C3-C4 surface dimers. All bonds of sur-
face atoms will be saturated (Fig. 3).

The value of the total energy of a surface with a di-
vacancy in configuration F is 2.31 eV, which is more than
in configuration A and less than in configurations B-E.

Table 2 — The energy characteristic values of hydrogen ad-
sorption on a diamond surface containing a divacancy (config-
uration A, as shown in Fig. 1c and Fig. 3)

Surface atom Eq4, eV q, eV
C3 0.36 4.18
C4 0.37 4.14
C7 0.38 4.65
C8 0.37 4.63
C18 0.68 4.02
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Fig. 3 — A fragment of the CigsHioo cluster, simulating the
C(100)-2x1 surface with the hydrogen saturated defect Vz in
the ground state (configuration A), the top view

A specific feature of the F configuration is that the va-
cancy in the third V13 layer causes the formation of a
Hexagon from C1-C2-C8-C4-C3-C7 atoms on the sur-
face, which suggests the absence of dangling bonds on
the surface. A vacancy in the lattice point of the fourth
layer leads to the formation of dangling covalent bonds,
which increases the value of the total surface energy in
this configuration.

According to calculations by the molecular dynamics
[10] and ab initio [12] methods, an uncharged divacancy in
the first layer of the C(100)-2x1 diamond surface is a more
energetically favorable defect than two separate neutral
vacancies. In the present work, it was found that the val-
ue of the total energy of the surface with the divacancy V2
in the first layer (configuration A) is 2.8 eV lower than the
total energy of the surface with two separate vacancies in
the first layer. In this regard, it is worth to find out
whether this ratio will remains for the third layer.
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3.2 The V-C-V “Splitted” Divacancy

A defect similar to divacancy was formed by remov-
ing two nearest carbon atoms under one dimer row in
the third layer of the surface. Thus, the V-C-V “split-
ted” divacancy in the third layer was obtained. In the
"splitted" V-C-V divacancy, vacancies are not located in
the neighboring lattice points, there is a carbon atom
between them, in this case — it is a carbon atom of the
fourth surface layer. Our calculations have shown that
the value of the total energy of a surface with a diva-
cancy (configuration F) is 2.21 eV higher than the value
of the total energy of the surface with a “splitted” V-C-
V divacancy in the third layer of the cluster and is
2.18 eV higher than the value of the total energy of the
surface with two separate vacancies in the third layer.
Therefore, the formation of a V-C-V defect or the exist-
ence of two separate vacancies in the third layer is
more energetically favorable than the formation of di-
vacancy Ve in 3-4 layers. This can be explained by the
formation of Hexagons from atoms of the first two sur-
face layers caused by the existence of a vacancy in the
third layer of the cluster under a dimer row [13].

The location of the vacancy in the third layer of the
cluster under the dimer row leads to the appearance of
dangling bonds of the second layer atoms C7 and C8,
they change their location and "pull up" to the atoms of
the first layer, thus forming the hexagonal structure
C1-C2-C8-C4-C3-C7 (Fig. 4b).

Hybridization of Hexagon atoms is the same and is
close to sp?+p; m-conjugation is formed by p-orbitals.
The order of bonds between Hexagon atoms differs sig-
nificantly from the order of bonds of the same atoms on
ordered diamond surface and is close by the value to
the order of carbon bonds in graphene [13]. This may
significantly affect the adsorption energy characteris-
tics of particles on the graphene-like surface region.

B C

Fig. 4 — The total energy of the "surface + hydrogen" system as a function of the H-C1 reaction coordinate (a), a cluster fragment
with adsorbed hydrogen on a C1 atom — top (b) and side (c) view. Hexagon atoms are shown in gray color

Let’s consider the adsorption process of atomic hy-
drogen on the diamond surface containing divacancies
V-C-V in the third layer of the cluster. Atomic hydrogen
adsorption was simulated by calculating the reaction
coordinates (Fig. 4a) for each Hexagon atom as an ad-
sorption center. In Fig. 4, carbon Hexagon atoms are
shown in gray color. According to the change in the total

energy of the “surface + hydrogen” system, the values of
the activation energy of adsorption Ea and the hydrogen
heat of adsorption q (Table 3) were estimated.

The chemisorption of atomic hydrogen on C1-C2
and C3-C4 atoms requires an activation energy of
E.=0.91eV-0.95¢eV, and on the C7 and C8 atoms —
E.=1.28eV-1.31 eV. The C7 and C8 atoms have high
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bond order values and small bond lengths with Hexa-
gon neighbors compared with C1-C2 and C3-C4 atoms.
In addition, the chemisorption of hydrogen causes more
significant changes in the location of these atoms (C7
and C8), which explains the higher value of the activa-
tion energy of hydrogen chemisorption for these ad-
sorption centers.

Comparison of the values for the activation energy of
atomic hydrogen adsorption Eq.=0.91eV-1.31¢eV for a
hexagonal graphene-like structure on the surface with a
divacancy V-C-V in the third layer obtained in this work
with other calculations [14, 15] suggests that the chemi-
sorption of hydrogen primarily occurs in ordered surface
regions where the adsorption centers are surface dimer
atoms (Eq=0.65¢eV [14], E.=0.67 €V [15]), and then on
Hexagon atoms, mainly on C1, C2, C3 and C4 atoms, for
which the adsorption activation energy of the first hy-
drogen atom is equal to E, =0.91 eV.

Table 3 — Energy characteristic values of hydrogen atom ad-
sorption on the diamond surface containing the V-C-V diva-
cancy in the third cluster layer

Surface atoms| FEq, eV q, eV d C-H, A
C1 0.91 3.23 1.105
C2 0.95 3.34 1.102
C3 0.93 3.31 1.106
C4 0.94 3.37 1.103
C7 1.28 3.10 1.111
C8 1.31 3.02 1.114
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KBauToBo-ximiuyHe MomenioBaHHA qUBAKaHCIMHUX nedexris Ha moBepxHi anmaady C(100)-2x1

0O.10. Auanrnina, O.C. duoBcbEHA

Banopisvkuil HaylonalbHUL yHI8epcumem, 8yJt. JKyrkoascvroeo 66, 69600 3anopiscocs, Yrpaina

¥ pobGori 1peicTaBiieH] pe3ysIbTaTH KBAHTOBO-XIMIYHOIO MOJEJIIOBAHHS IUBAKAHCIAHOTO mederty Va Ta
"posmermtenoi” guBakancii V-C-V y npunoBepxHeBux mapax aiamady C(100)-(2x1). Pozpaxynku mpoBoguin-
cs 3a JIOIOMOro HarmiBeMIipuaHoro metogy PM3, peamizoBanoro y mporpamuomy maxkeri MOPAC Ta ab
initio MeTomiB, peatidoBaHux y mporpamuomy mpoaykri Firefly. PosrismyTi mricts koH(Irypaiiiii fuBakaH-
ciztaoro nederry Va. [lokasano, 110 mMoJI0sKeHHS JUBAKAHCIT B IEPIIOMY IIapl MOBEPXHI € HAMOIIBIIN eHepre-
THUYHO BUTIAHUM. [IpoBe/ieH] po3paxyHKU reOMETPUYHHUX TA €JIEKTPOHHUX XAPAKTEPUCTUK JAMBAKAHCII B OC-
HOBHOMY craHi. OIliHeHl eHepreTUYHI mapaMeTpu aJcopOIlil aTOMapHOro BOJHIO HA IIOBEPXHI, II0 MICTUTH
muBakascio. [Tokasano, mo muBarkaHciiiauit medekT Ve Ha IMOBEPXHI aJIMa3y Mae MABUIIEHY XIMIUHY aKTH-
BHICTB y IIOPIBHAHHI 3 YIIOPSIKOBAHOIO IIOBEpPXHE. II0TeHIITHNMY 1IeHTpaMu afcopOIii € atomu B obJacTi
IuBaKaHcii Ve 3 MOABIMHUMY 3B'si3kaMu. Y TBOpeHHs "poamerieHol” nusakacii V-C-V y Tpersomy mrapi mo-
BEpXHI € OLIBII €HePreTUYHO BUTIIHAM, HI3K YTBOPEHHS nuBakaHcii Ve y 3-4 mpuioBepxHeBuX Imapax. lle
TOSICHIOETHCSI YTBOPEHHSIM I'pad)eHONOI0HUX ITOBEPXHEBUX CTPYKTYP (TEKCATOHIB) 3 aTOMIB IIEPIIUX JBOX
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moBepxHeBux ImapiB. GopMyBaHHS TeKCATOHIB HA ITOBEPXHI ajiMady CIIPHYMHEHO HASBHICTIO BaKAHCIH y
TpeTboMy IIapi Kjacrepa mijg auMepHuM psigoMm. DopMyBaHHS TAKOTO IedeKTy CYIIPOBOKYETHCS 3MIHOIO
MIOPAIKIB 3B'A3KIB, ribpuau3alrii aToMHUX opOiTasieil Ta 30LIbIIEHHAM 3HAYEeHHA eHeprili akTUBAaIllii amacopo-
il 1719 aTOMIB BOJHIO TTOPIBHSHO 3 YIOPSAKOBAHOIO MOBEPXHEN. TaKUM YMHOM, NWBAKAHCIHHI JedeKTH B
noBepxHeBux mapax anmady C(100)-2x1 00yMOBJIIOITE CYTTEBI 3MIHM B TeOMeTpii Ta eJIeKTPOHHOMY CTaHL
moBepxHi. B 3aekHOCT1 BijT MiCId po3TallyBaHHS JeeKTy Ha MOBEPXHI aaIMa3dy MOYKYTh YTBOPIOBATHCS aK-
THUBHI 200 TACUBHI IIEHTPU XeMOCOPOITii, 10 BINIMBATHMYTH HA MEXaHI3M 1 eHePreTHUKY IIPOITeCy.

Kurouori ciora: Tlosepxusa amvazy C(100)-(2x1), Krarroso-ximiune moesmoBanss, J{usarauciitauii nedexr,
Hedexr V-C-V, Exexrponsi Biaactusocti, AncopOIiis BOIHIO.
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