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Boron-doped diamond (BDD) has attracted much attention in semi-/superconductor physics and electrochemistry, where
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the surface structures and electronic states play crucial roles. Herein, we systematically examined the structural and

electronic properties of the unterminated and H-terminated diamond (111) surfaces by using density functional theory

calculations, and the Boron position’s effect on them. The surface energy increases to that of the undoped case when the

Boron is located at a deeper position in the diamond bulk, which indicates that Boron near the surface can facilitate the

surface stability of the BDD in addition to H-termination. Moreover, the surface energy and projected density of states

analyses suggest that the Boron can enhance the graphitization of the pristine (ideal) unterminated (111) surface thanks to

the alternative sp?-sp? arrangement in that surface. Finally ,we found that surface electronic states depend on the Boron’s

position, i.e., the Fermi energy (E;) is located around the mid-gap position when the Boron lies near the surface, instead of

showing a p-type semiconductor behavior where the E; lies closer to the valence band maximum (VBM).

1. Introduction

Nowadays, diamond is becoming a promising material for a
wide range of applications as superconductor’ and as an
electrode®'2, Superconductivity of heavily boron-doped
diamond (BDD) was intensively discussed to be bulk type Il
superconductorl#. For the impurity states, the Hydrogen,
Nitrogen and Boron are three common dopants and
substitutional Boron was considered to bring a dangling bond
on the sp3? Carbon atoms®. However, on the surface where the
sp? Carbon mixes up with the sp3 Carbon, the role of Boron
should be re-considered. Therefore, the stability of the BDD
reconstructions, as well as surface electronic properties, is still
unclear. Experimentally, there is a technical difficulty of high-
resolution surface measurements of BDD, which limits the
experimental confirmation of the BDD surface structures, as
well as the heterogeneity of the diamond surface
reconstructions brought by different growth and doping
conditions?s & 13-25,

Many theoretical studies proposed various reconstructions of
the diamond surfaces?64’. For the (100) surface, the (100)-
p(2x1) was predicted as the most stable surface?® 30.33,37,40; |n
addition, Hong proposed dihydride configurations on diamond
(100) and concluded that the canted/tilted (100)-(1x1):2H
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dihydride phase has the lowest energy among the dihydride
structures3®, For the BDD (111), three reconstructions were
widely accepted: pristine (111)-(1x1), single chain (111)-(2x1)-
SC, and Pandey chain (111)-(2x1)-PC#%-47, In addition, both
monohydride and dihydride terminations on the (111) surfaces
were discussed as possible reconstructions*’ 42, However, a
comprehensive comparison of these reconstructions is still
missing and the surface reconstruction energetics remains to be
an open question, which is crucial to identify the surface
features under various experimental conditions. Moreover, the
impact of the Boron on the stability and graphitization of the
BDD (111) are still debated“®. The relevance of the expected p-
type semiconductor electronic feature of BDD has been a
matter of discussion as well*°,

In this paper, we classify the reconstruction stability, via energy
comparison, and the surface electronic properties of the
diamond (111) surfaces with the unterminated, monohydride,
and dihydride terminations using density functional theory
(DFT)-based first-principles geometry optimizations. First, we
examine the H-termination effect on the stability and electronic
states of the (111) surfaces. Then, we study the impact of the
Boron's position on the surface stability and electronic
properties using a sufficiently large supercell consisting of 16
monolayers of Carbon, compared to Ref.°. With the present
calculations, we finally discuss the mechanism of the Boron's
position dependence of the surface reconstruction stability and
the electronic states variation between the surface states and
the bulk acceptor states.

2. Calculation methods
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In search for metastable surface reconstruction structures, we
use DFT calculations with the PBE>° exchange-correlation
functional implemented in the CPMD package®!. The norm-
conserving Goedecker pseudopotential®? is used with 90 Ry
cutoff energy. We apply 2x2x1 Monkhorst-Pack K-mesh to all
supercells during the geometry optimizations. The systems are
optimized by the GDIIS algorithm>3 > with the convergence
orbital of 1.0x10° a.u. and convergence geometry of 2.0x103
a.u. All calculations are carried out with spin-polarized scheme
because of the presence of a Boron atom.

After the geometry optimizations, we carry out post-SCF
calculations with 6x6x1 K-mesh to obtain total energy and
projected density of states (PDOS). In particular, we use PAW-
PBE exchange-correlation with 400 eV cutoff energy
implemented in VASP package®>>8. All geometry optimizations
and the SCF calculations include van der Waal correction vdW-
D259, Supercells with 128 Carbon atoms are used to model the
(111) surfaces (dimension: 8.77 A x 5.06 A x 50.28 A). The Z-axis
is chosen to be about three times the thickness of the diamond
slabs (16 mono-layers of Carbon atoms ~ 17 A). Boron doping
was represented by one boron dopant atom per 128 Carbon
atoms (~0.7%). We terminate Hydrogen atoms to all bottom
surfaces of the slabs.

The surface energy E; is defined as:

Etor — leini
Es = —Fx — @)

Where E;; is total energy of the slab, y; is standard chemical
potential of the Carbon, Hydrogen and Boron, n; is the number
of atoms, and N is the number of the topmost surface atoms of
the slab. For the unterminated and monohydride surfaces, the
number of surface atoms is 8 while that of dihydride surfaces is
16. The standard chemical potential of Carbon, Hydrogen and
Boron are -9.09 eV, -3.34 eV, and -5.40 eV, respectively. We
consider bulk diamond, isolated H, molecule, and neutral Boron
atom at a lattice site of a bulk diamond to calculate the chemical
potentials.

3. Results and Discussions

Diamond surface reconstructions

We re-explored the atomistic pictures of the reconstructed
diamond (111) surfaces as shown in Figure 1. All the optimized
(111) surfaces were reported in previous DFT papers*®-47. They
are pristine (or ideal in other publications) (111)-(1x1), single
chain (SC) labelled as (111)-(2x1)-SC, Pandey chain (PC),
denoted as (111)-(2x1)-PC. For brevity, we refer to these
structures in the manuscript as (1x1), SC, and PC, respectively.
We compare the dimer lengths of the unterminated surface
(OH), monohydride surface (1H), and dihydride surface (2H). The
dihydride Pandey chain is not stable in geometry optimizations.
The dimer lengths of the unterminated (1x1):0H and
monohydride (1x1):1H are 1.48 A and 1.54 A, respectively. The
H-termination only elongates the dimer length of the pristine
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(1x1) structure by 0.06 A. For the Pandey chain, the dimer
lengths of the top chain are 1.44 A (unterminated) and 1.57 A
(monohydride); the dimer lengths of the lower chain are 1.56 A
(unterminated) and 1.60 A (monohydride). For the single chain,
the dimer lengths of the chains are 1.46 A, 1.54 A, and 1.52 A
for the unterminated, monohydride, and dihydride structure,
respectively. Overall, the H-termination increases the dimer
lengths of the chains by about 0.1 A compared to the

(a) (111)-(1x1)

Fig. 1 Atomistic reconstructions side- and top-views of the BDD (a) pristine (111)-(1x1)
without H-termination (left) and with monohydride (right); (b) Pandey chain (111)-(2x1)-
PC without H-termination (left) and monohydride (right); (c) Single chain (111)-(2x1)-SC
without H-termination (left), monohydride (middle) and dihydride (right). The black and
brown spheres denote surface Carbon and the other Carbon, respectively. Hydrogen
atoms are shown by white spheres. The values are bond lengths in (A).

corresponding unterminated structure.

We then report the surface energy in Table 1. The lowest-
energy structure is the pristine monohydride (1x1):1H. The
unterminated Pandey chain PC:OH is 1.56 eV/site higher than
(1x1):1H. The SC:0H and (1x1):0H are significantly higher in
energy by about 2.81 eV/site and 2.32 eV/site compared to the
(1x1):1H, respectively. For the dihydride structure SC:2H, it has
1.12 eV/site higher energy than the pristine monohydride. Our
results suggest that the unterminated Pandey chain is the most
stable structure for the unterminated (111) surfaces, and
therefore should dominate such surface in experiments.

On the other hand, the pristine monohydride (1x1) has the
lowest surface energy for H-terminated surfaces, which is
consistent with previous studies?® 47, The surface energy of the
monohydride Pandey chain PC:1H is 0.65 eV/site higher than
that of the pristine one. The SC:1H has a higher surface energy
than the (1x1):1H by about 0.34 eV/site. We also found that the
surface energies of all the monohydride structures are negative
while the unterminated and dihydride structures are positive,

This journal is © The Royal Society of Chemistry 20xx
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which indicates the superiority of the monohydride structures.
Interestingly, the monohydride SC:1H is more stable than the
PC:1H by 0.31eV/site, which suggests the possibility of finding
SC:1H in experiments. Under H-rich condition, there might be a
possibility of the appearance of the dihydride SC:2H with 0.33
eV/site.

Table 1 Calculated surface energies E; per site of the unterminated (OH), monohydride
(1H), and dihydride (2H) of the undoped diamond (111) surfaces.

Surfaces E, (eV/site)
pristine (1x1):0H 1.53
Pandey PC:0H 0.77
Single SC:0H 2.02
pristine (1x1):1H -0.78
Pandey PC:1H -0.13
Single SC:1H -0.44
Single SC:2H 0.33

Projected density of states

We then examined the surface electronic states of the above
diamond surfaces. In Ref.??, the unterminated Pandey chain
structure is discussed for the X-ray spectra showing the gap
states in a BDD sample, in which is Fermi level is located just
above the valence band maximum. However, there are other
possibilities to explain the spectra. In addition, our preliminary
Scanning Tunneling Microscopy measurement implies that the
Fermi level is located in the mid-gap states in some BDD
surfaces. Therefore, a comprehensive survey of PDOS is still
necessary.

We used the PBE+vdW-D2 functional, giving a band gap of 4.23
eV for bulk diamond, which is in agreement with the typical
values by the PBE functional. For the H-terminated (111)
diamond surface, the calculated PDOS gave about 2.5 eV of the
band gap, which is perfectly consistent with the Ref.** where
the surface effect slightly narrows the gap. Therefore, we can
discuss the calculated electronic states (the band gap and the
surface states) reasonably, taking the typical gap
underestimation via PBE into account.

Figure 2 shows the calculated PDOSs for the undoped diamond
without H-
termination, monohydride, and dihydride. We consider all

(111) surfaces with various H-terminations:
Carbon atoms within 5 A below the topmost atom, effectively
involving the top 5 monolayers, as surface Carbon atoms. In
Figure 2, we show the summations of the PDOSs on these
surface Carbon atoms decomposed into s- and p-orbitals. These
show the dominant contribution of the p-orbital in the surface
Carbon atoms to the surface-states as well as other states in the
valence and conduction bands. We can see from Figure 2 that
there are surface states in the mid-gap of the unterminated
structures while there are virtually no surface states in the H-
terminated structures, implying that the surface states are due
to dangling bonds. Interestingly, only the unterminated surface
of the pristine (1x1):0H shows the position of the Fermi level at
the mid-gap while the Fermi levels in the unterminated Pandey
chain PC:0H and unterminated single chain SC:0H stay near the

This journal is © The Royal Society of Chemistry 20xx

Physical.Chemistry Chemical Physics

VBM. Overall, we observe surface states in the unterminated
(111) surfaces and that the surface energies of these surfaces
are about 2-3 eV/site higher in energy than the monohydride
cases (the lowest energy structures). For the H-terminated
surfaces, the surface states disappear and the bandgaps are
about 2~2.5 eV for the monohydride cases. The bandgap for the
dihydride SC:2H is about 2.2 eV, which is smaller than the
monohydride case by about 10%. In general, the substantial

(a) (111)-(1x1)

2 0 2
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(c) (111)-(2x1)-SC

A

2
~
L]

eV
15
Y

S
Density of states

Density of states

8
8
la W e Wy
v E
2
=1

Fig. 2 Projected density of states (PDOS) for the (a) pristine (111)-(1x1), (b) Pandey chain
(111)-(2x1)-PC, and (c) single chain (111)-(2x1)-SC surfaces without H-termination and
with H-terminations. The total DOS is plotted with s-, p-decomposed orbital PDOS of the
surface Carbon atoms. Energy origin is set to the orbital energy of the highest occupied
states.

band-gaps are expected in the stable diamond surfaces with H-
termination. Moreover, there are theoretical and experimental
studies®0-62 suggesting that a graphene layer can be formed on
the undoped diamond (111) surface under high temperature,
which may induce the mid-gap states. In addition to that, the
roles of Boron on the surface stability, the electronic surface
states and the graphitization of the diamond (111) surface are
still mattering of great interest. Below, we will discuss the
Boron's position effect on the BDD (111) surface.

The impact of the Boron's position on the surface states of the
BDD (111)

Here we focus on the dependence of the surface structures and
surface electronic states on the location of the Boron dopant.
For the H-terminated surface, we calculate the PDOS of the
monohydride (1x1):1H, PC:1H, and SC:1H and found that there
are no surface states and the PDOS does not depend on the
Boron’s position (See the Supporting Information). It is also

J. Name., 2013, 00, 1-3 | 3
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confirmed that the Fermi level always stays at the VBM
regardless of the Boron’s position in all H-terminated
structures. In addition, the surface energy does not vary much
as a function of the Boron’s position as indicated in Table S3
(Supporting Information).

To elucidate the possible surface relaxation and graphitization,
we examined two unterminated surfaces: the pristine (1x1):0H
(Figure 3) and the intermediate structure graphene-on-
diamond (1x1)-gr:0OH (Figure 4). The results for the other
surfaces can be found in the Supporting Information (Figure S3-
S8). The graphitization of the diamond (111) surface was
discussed based on either the Pandey chain PC:0H®° or pristine
(1x1):0H®. In fact, there are theoretical and experimental
literatures®® 62 suggesting that the pristine undoped structure
(1x1):0H may experience the intermediate structure (1x1)-gr:0H
before the graphene layer completely detaches from the
diamond (111) surface. For the Boron-doped case, the role of
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Fig. 3 Density of states (DOS) of B-doped (111)-(1x1):0H surfaces (a-g) in comparison with
the undoped case (h). The position of the Boron atom (green ball) is changed from the
1st layer (a) to the 7t layer (g).

Boron was discussed based on the total energy to enhance the
graphitization of the diamond (111) surface*® but the detailed
mechanism has not been well established.

The surface energies of the two structures are reported in Table
2. The surface energy significantly decreases with the presence
of Boron at the sub-surface layers. The surface energy increases
from the surface Boron (1%t-6th layers) to the bulk Boron (7t
layer), indicating that Boron prefers to stay in the sub-surface
layers rather than in bulk. In Table 2, we report the surface
energy of the Pandey chain and single chain as well. The Pandey
chain surface has the lowest surface energy (~0.3 eV/site)

4| J. Name., 2012, 00, 1-3
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compared to the single chain (~2 eV/site), pristine (~1.5
eV/site), and intermediate graphene-on-diamond (~1.0
eV/site). The present result clearly shows that surface Boron
can stabilize the unterminated surface of the BDD (111). Boron
has little effect on the PC:0H because the surface energy only
slightly varies with the Boron's positions. On the other hand, the
surface energy is significantly reduced for the (1x1):0H, (1x1)-
gr:0OH, and SC:0H structures when the Boron is at sub-surface
layers.

Table 2 Calculated surface energies per surface site (Es) of the unterminated structures:
(1x1):0H and the graphene-on-diamond structure (1x1)-gr:0H in comparison with the
PC:0H and SC:0H with various Boron's positions

Surfaces (1X1):0H (1X1)- PC:0H SC:0H
E (eV/site) gr:0H E, E, (eV/site)
E, (eV/site) | (eV/site)

undoped 1.53 1.09 0.38 2.02
Bat 1t 1.18 0.74 0.31 1.74
layer

B at 2" 1.29 0.81 0.32 1.75
layer

B at 3™ 1.18 0.75 0.34 1.77
layer

B at 4th 1.31 0.86 0.34 1.91
layer

B at 5t 1.29 0.90 0.34 1.96
layer

B at 6t 1.34 0.93 0.36 1.98
layer

B at 7th 1.39 0.98 0.36 1.99
layer

Regarding the graphitization, we can see from Table 2 that at
the same Boron's position, the surface energies of the (1x1)-
gr:OH are always smaller than those of the pristine (1x1):0H. We
suggest that Boron can enhance the graphitization of the
pristine (1x1):0H surface.

This journal is © The Royal Society of Chemistry 20xx
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As for the electronic states, Figure 3 shows the PDOS of the
pristine (1x1):0H surface with various Boron's positions. The
Fermi level is located near the VBM when the Boron is at the 7t
layer. All the surface states are pinned to the Ef near the VBM
which is associated with the acceptor character of the bulk
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Fig. 4 Density of states of undoped and B-doped graphene-on-diamond (111)-(1x1)-gr:0H
surfaces (a-g) in comparison with the undoped case (h). The position of the Boron atom
(green ball) is changed from the 1°t layer (a) to the 7t layer (g).

Boron, leaving a clear bandgap as can be seen in Figure 3.
Consequently, we observe that the surface states remain but
the position of the Fermi level significantly changes from the
mid-gap to the VBM as the Boron's position changes from the
topmost layer to the bulk layer (the 7t layer). The surface
electronic states in this structure are mainly contributed by
dangling bonds. Moreover, the Boron-specific PDOS indicate
the dependence of the peaks emerging around 2 eV above the
E: when the Boron is in the odd layers (1%, 3", 5t) and suddenly
disappear for the case when the Boron stays in the even layers
(2nd, 4t 6th). From the 7t layer, these peaks disappear
regardless of whether it is in an odd or even layer. We suggest
that the electronic charge density in the pristine surface
(1x1):0H has an alternative sp?-sp3 layer dependence: such that
the PDOS peaks around 2 eV above the E; for when the Boron is
at the odd layers (1%, 3, 5th) correspond to the related C-C rt*
characteristics (related sp? bonds) which was also investigated
in a previous study*?, while the PDOS of the even layers (2", 4th,
6t) correspond to the bulk sp3 properties because the sp3 bond
does not create mid-gap states. The origin of the surface states
in this structure, thus, is mainly attributed to dangling bonds
and the related sp? bonds. In previous study*?, the effect of

This journal is © The Royal Society of Chemistry 20xx
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Boron was discussed within the interaction between the Boron
and the sp3 Carbons. Presence of the sp? Carbons in the
unterminated surfaces in our calculation suggests that Boron’s
effect can be induced with the presence of sp2 Carbon as shown
in Fig. 3.

For the intermediate surface (1x1)-gr:OH in Figure 4, the
undoped case also surely has surface states. When the Boron is
located in the topmost five layers, the Fermi level stays in the
mid-gap. These Boron atoms can be regarded as the surface
Boron. When the Boron atom is in the 6" layer, the Fermi level
starts to be closer to the VBM, suggesting the bulk Boron.
Interestingly, unlike the pristine (1x1):0H surface (Figure 3), the
energy levels of the surface states in the intermediate structure
still remain at mid-gap regardless of the Boron's position. We
suggest that the related sp? bonds may be strongly affected due
to the presence of the graphene layer which is the origin of the
mid-gap states regardless the Fermi level's position in this
structure. PDOS calculations indicate two possibilities for the
origin of the surface states with the Fermi level at the mid-gap:
either the dangling bonds of the unterminated pristine (1x1):0H
which can be induced by the surface Boron or the related sp?
states which are strongly affected by the presence of the

Fig. 5 The dependence of the charge density difference of the Boron’s position in the
B-doped (1x1):0H with respect to the undoped (1x1):0H. The iso-value is fixed at
0.005 (e/Bohr3). The yellow and cyan represent the increase and decrease of the
charge density, respectively. The number indicates the layer containing the Boron
atom (black dot). The arrows indicate the directions of the increase of the charge
density for eye-guide.
graphene layer in the (1x1)-gr:0H structure. In both cases, the
Fermi level gradually shifts from the mid-gap to the VBM when
the Boron's position changes from the surface to the bulk. This
behaviour is only observed with sufficient slab's thickness (16
Carbon layers in our models). For the cases of the unterminated
PC:OH and SC:0H, the Fermi level always stays near the VBM

regardless of the Boron's position (see Figure S3, S4 Supporting

J. Name., 2013, 00, 1-3 | 5
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Information). The Fermi level's position and Boron's position
effect clarified in this paper may be a guidance for the further
study of graphitization on the BDD (111) surface. The weak
influence of Boron on the surface states in this structure
suggests that Boron weakly contribute to the graphene
adhesion which is in agreement with previous study?3.

In addition, to clarify the mechanism of how the surface Boron
stabilizes the (1x1):0H surface, we analyse the charge density
difference of the B-doped (1x1):0H with respect to the undoped
case (p(B — doped) — p(Undoped)) in Figure 5. The cyan and
yellow colours indicate the decrease and increase of the charge
density of the B-doped structure compared to the undoped
case. We can see that the surface Boron (15t-4th layer) enhances
the charge density along the [111] direction (yellow arrows)
while the bulk Boron (6-7t" layer) enhances the charge density
mostly along the [112 ] direction (yellow arrows). The
referenced charge distribution of the undoped surface (
p(Undoped)) is shown in Figure S9 Supporting Information.
Finally, we report in the Supporting Information our additional
calculations for the diamond (100) surfaces. The surface
reconstructions, surface energies and PDOS can be found in
Figure S1, Table S1 and Figure S2, respectively.

Conclusions

We systematically investigate the various low-energy
reconstructions of the diamond (111) surfaces using density
functional theory. We examined several low-energy
reconstructions: three monohydride surfaces: (1x1):1H, PC:1H,
SC:1H and one dihydride surface: SC:2H in comparison with the
corresponding unterminated surfaces. The monohydride
structures are the most stable ones, SC:1H is more stable than
PC:1H. The dihydride structure is about 1.12 eV/site higher in
energy which may exist in the H-rich condition.

We found that instead of H-termination, Boron doping can
reduce the surface energy also. The surface states of the BDD
(111) surfaces can be explained by either the dangling bonds of
the pristine (1x1):0H induced by the surface Boron or the
related sp? induced by the graphene layer in the graphene-on-
diamond (1x1)-gr:0H structure. Unlike the dangling bonds which
is pinned to the Fermi level, the related sp? bonds with the
presence of a graphene layer remain at the mid-gap regardless
of the Fermi level's position which suggests a unique electronic
property of the graphene-on-diamond structure.

Our surface energy and PDOS analyses suggest that Boron can
enhance the graphitization of the pristine (1x1):0H surface
thanks to the alternative sp?-sp® arrangement in that surface.
Manipulation of the Boron's position thus can control the
surface functions of the BDD in addition to the surface
termination.
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