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Surface modification of diamond with the addition of (sub)monolayer of metals or other electropositive adsor-
bates than the bulk carbon can result in negative electron affinity (NEA). Surface coverages of up to one-
monolayer (<1 ML) of scandium on clean, oxygenated and nitrogenated diamond (100) surfaces were studied
via plane-wave density functional theory (DFT) calculations. Adsorption of Sc on diamond is energetically
favourable; for example, 0.25 ML coverage of Sc on the oxygenated diamond (100) surface has an extremely
large calculated adsorption energy per adsorbate atom of —8.68 eV. Moreover, the majority of stable Sc-

adsorption configurations possess NEA, with the most negative values of —3.73 eV, — 3.02 eV and —1.75 eV
being found for 0.25 ML Sc coverage on the oxygenated, bare and nitrogenated diamond surfaces, respectively.
These results predict that Sc termination on diamond should provide a thermally stable surface with large NEA,
and is therefore a highly promising candidate for thermionic and other electron-emission applications.

1. Introduction

Diamond has a unique combination of properties that distinguish it
as an extraordinarily promising material for fundamental applications in
scientific and technological advances [1]. The possibility of diamond
being fabricated with a thermally stable surface exhibiting negative
electron affinity (NEA) is currently of great interest for numerous
electron-emission applications, such as photodetectors [2,3], field-effect
transistors (FET) [4-6], and thermionic electron emitters [7,8]. Dia-
mond with both an NEA surface and a low work function also has po-
tential for applications such as photoelectrochemical CO5 conversion
[9], thermionic power generation and thermal-energy harvesting [8,
10].

NEA can be created by terminating the carbon bonds at the diamond
surface with atoms or groups of atoms that are more electropositive than
bulk carbon (Pauling electronegativity, EN = 2.55). This forms an
electric dipole perpendicular to the surface with the positive charge
outermost, lowering the barrier to emission of electrons which reside in
the conduction band (CB). In the case of NEA (Fig. 1), the vacuum level
lies below the CB minimum, such that there is now no barrier for
emission of CB electrons [11-13]. For diamond, termination with atomic
H produces NEA on the (100), (111) and (110) surfaces [11,13-16].
However, due to desorption of the H atoms at temperatures above
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700 °C [10,17], hydrogenated diamond surfaces are unsuitable for
high-temperature devices. Thus, there is a need to find alternative dia-
mond surface terminations which possess a large NEA (i.e. more nega-
tive) while remaining stable at elevated temperatures.

Group I metals have long been known to exhibit NEA characteristics
when adsorbed on diamond. However, the heavier metals, such as Cs,
have low thermal stability which limits their usefulness at higher tem-
peratures [12]. As such, computational and experimental work has
focused upon elements that can provide a more thermally robust surface
in addition to NEA, especially lighter Group I metals, such as Li [18,19],
as well as various first-row transition metals (TMs), including Cu, Ni, Ti,
V and Zn [20-23]. Results suggest that for metals deposited directly onto
the diamond surface, carbide-forming metals give larger NEA values.

Although direct bonding of metal atoms to the diamond surface is a
promising approach, many metallic elements do not readily form bonds
with carbon. Even if a stable metal-carbon bond is possible, in many
cases the deposited metal layer rapidly oxidises on exposure to air. One
approach to overcome these problems is to deposit the metal onto an
already oxidised diamond surface [24,25]. While it may appear coun-
terintuitive to terminate the diamond surface with electronegative ox-
ygen (EN = 3.44) in order to promote NEA, provided a sufficiently
electropositive metal is bonded on top of the oxygen layer, the overall
surface-charge distribution can produce a net NEA. An added benefit in
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Fig. 1. Schematic energy diagram with relative positions of the conduction
band minimum (CBM), valence band maximum (VBM) and vacuum energy
level (Eyac) for an NEA surface. High-energy electrons at the VBM are excited
into the CB via external factors (e.g. thermal energy or photon absorption) and
can then be subsequently emitted into the vacuum without having to overcome
a barrier. E; is the band gap, defined as the difference between the CBM
and VBM.

these M-O-C systems is that the metal is already partially oxidised,
lowering its reactivity towards further oxidation thereby making the
surface more air stable.

An added complication in M-O-C systems is that oxygen can bond to
the diamond (100) surface in a variety of configurations, including as a
ketone (C=0), bridging ether (C-O-C), hydroxyl (OH) [26,27], or more
complex multiatom structures [28]. The subsequent metal adsorbate can
have very different mechanical and electronic properties depending
upon the structure of this underlying oxide layer [29,30]. Various
methods are used to oxidise diamond, including exposure to an oxygen
plasma, or to a UV ozone lamp in air, or treatment with strong acids, but
they all produce a mixture of ketone and ether configurations, and
sometimes other structures, in varying proportions. Thus, the oxide
layer, and hence the overlying metal layer, is often very inhomogeneous,
with some parts of the surface experimentally exhibiting large NEA
values while others show positive electron affinity (PEA) [31].

This mixture of oxygen surface configurations, where the ratio of
ketone-to-ether is rarely known and difficult to control, has made studies
of the M-O-C system challenging. Studies of these M—O-C terminated
surfaces have again focused both experimentally and computationally
on the use of Group I and II metals, such as Li and Mg [18,23-25,32,33],
and TMs such as Cu, Ni, Ti, Zn [29] and Sn [34]. Other
diamond-termination strategies using Si, Ge, B, metal nitrides, amines
and OH groups have also been studied, with varying degrees of success,
all of which are reviewed in Ref. [10]. These data sets suggest that for
optimal NEA, together with an air- and temperature-stable diamond
surface, it is preferable for the metal adsorbate to have the following
attributes: (a) a high electropositivity, (b) a relatively small radius, (c)
propensity to form highly charged positive ions, and (d) ready formation
of bonds with both C and O. For example, Li and Mg are two of the most
promising candidates so far tested, with the Mg-O-C system exhibiting
the largest NEA to date, of —2.01 + 0.05 eV [24,25].

With this in mind, we recently reported studies on two other likely
candidates, Al and Ti, both of which fit the four criteria. Experimental
measurements for Al termination (<1 ML) on the clean and oxidised
diamond (100) and (111) surfaces gave EA values of approximately
—1.0 eV, and work functions of ~4.5 + 0.5 eV, depending upon the
deposition method, coverage and annealing temperature [31]. These
values were in broad agreement with those predicted by computer
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simulations of Al + O (sub)monolayers on a diamond surface [35,36].
Similar NEA and work function values were reported from combined
experimental and computational studies of Ti on bare and oxidised
diamond, although these values were very dependent upon the Ti
coverage, annealing conditions and oxygen geometry [37]. This study
[37] was also the first to report metal adsorption studies on a nitro-
genated diamond surface, i.e. Ti-N-C, and demonstrate that the M-N-C
scenario is also a viable option for an NEA surface.

We now consider scandium as another likely NEA candidate due to
its relatively small ionic radius (0.75 f\), electropositive character (EN =
1.36) and propensity to form a highly charged cation (Sc®*). Moreover,
Sc reacts readily with C, O and N, and is chemically similar to Al. To the
best of our knowledge, Sc has not yet been studied in the context of NEA
on diamond. Thus, the aim in this paper is to study theoretically, in
detail, (sub)monolayer Sc adsorption onto clean, oxygenated and
nitrogenated diamond, in order to identify a diamond surface with both
large NEA and high thermal stability (>1200 °C). Such a surface hope-
fully will afford a high electron-emission yield at low temperatures
(~500 °C), will not degrade during use, and be compatible with com-
mercial thermionic energy converters (TECs) for solar power applica-
tions. We report here the results of a computational study to identify the
surface coverages and adsorption sites which provide the largest
adsorption energies and/or highest NEA values in the Sc-C, Sc-O-C and
Sc-N-C systems, to help guide future experiments.

2. Computational details

Plane-wave density-functional theory (DFT) calculations were per-
formed using the Cambridge Serial Total Energy Package (CASTEP) code
[38]. The exchange-correlation parameters used were the Per-
dew-Burke-Ernzerhof (PBE) functional in the generalised gradient
approximation (GGA) [39]. The Broyden-Fletcher-Goldfarb-Shanno
(BFGS) algorithm was employed as a minimisation method in geometry
optimisation [40]. A plane-wave basis set with an energy cut-off value of
800 eV (see details in the Supplementary Information, section 1) and
ultrasoft Vanderbilt-type pseudopotentials in reciprocal space were used
for all calculations [41]. Density-of-states (DOS) calculations were car-
ried out using the OptaDOS code including DOS spacing of 0.01 eV and
adaptive smearing of 0.8 eV [42]. The Brillouin zone (BZ) was sampled
via Monkhorst-Pack k-point grids [43]. For the electronic-structure
calculations with energy-minimisation steps and DOS calculations,
special grids of 6 x 6 x 1 and 12 x 12 x 1 k-points, respectively, were
found to be the most useful. The atomic charges and bond populations
were calculated using the Hirshfeld [44] and Mulliken [45]
population-analysis schemes within a projection of the plane-wave
states on the localised basis. The self-consistent field (SCF) conver-
gence tolerances of total energy, ionic force, displacement and stress
component were set to 2.0 x 107> eV/atom, 0.05 eV/A, 1.0 x 1072 A
and 0.10 GPa, respectively.

A 2 x 2 supercell with (100) surface orientation was simulated using
a slab of 14 carbon layers. Additional H, O, N and Sc atoms were used for
terminations on both sides of the slab. The diamond slabs were periodic
in the x and y planes with approximately ~18-20 A of vacuum sepa-
ration in the z-direction to avoid interaction between slabs. The speci-
fied number of layers and the vacuum thickness have been widely used
in previous DFT calculations, providing well-converged values of the
final energy [18,23,35,46].

The adsorption energy (E.gs) per adsorbate atom is calculated from

1

Eads = ; (Elolal - EO - nEalom) (1)
where n is the number of adsorbate atoms in the supercell, Ey, is the
total energy of the surface supercell including the diamond slab and
adsorbates, E is the energy of the diamond slab before the adsorbate in

question (Sc, O or N) is added, and E,n is the energy of an isolated
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Fig. 2. Side and top views of the optimised geometries for (a) the bare (2 x 1), (b) hydrogenated (2 x 1), (c) oxygenated (ether) (1 x 1), (d) oxygenated (ketone, i.e.
C=0 double bond) (1 x 1), and (e) fully nitrogenated (2 x 1) diamond (100) surfaces. All lengths are in angstroms (10\). The blue dashed boxes indicate the (2 x 2)
unit cell. White, grey, blue and red spheres are hydrogen, carbon, nitrogen and oxygen atoms, respectively.

adsorbate atom. For example, for the formation energy of the O-termi-
nated surface, Ey, is the energy of an O-terminated diamond slab, Ej is
that of a bare diamond slab, and Etm is the energy of the O atom. But for
calculations of adsorption energies of Sc at the O-terminated surface,
Eiotal is now the energy of the final ScO-terminated diamond slab, Eq is
that for an oxygenated diamond slab, and E,pn is the energy of a Sc
atom. Using Sc metal as the starting point for Sc incorporation rather
than the Sc atom adds 3.918 eV per Sc atom to all the adsorption en-
ergies E,qs listed in the tables in this paper. All calculated adsorption
energies in this work are exothermic.

The ionisation energy (I) calculation for each surface is based on the
energy difference between the vacuum and the valence-band maximum
(VBM).

I = Eyc — Evpy = (Evac — Vavsio) — (Evam, bk — Vav. bulk) ()]

E,, is the energy of the vacuum level which is set to zero, Eypy is the
energy of the VBM, while V,y ., and Vay. pux are the average electro-
static potential energies in the slab and bulk, respectively. Eypm, bux 1S

[100]

[011]

I=

1951 [011]

the VBM calculated for bulk diamond. The difference between Eygy. buik
and Vyy. pux is equal to 10.52 eV which has already been computed [18].
The values for E,,. and V,, pux are extracted from the CASTEP binary
check file using the potld CASTEP tool. This makes use of the macro-
scopic averages method of Fall et al. [47].

Due to the well-known underestimation of the band gap of diamond
by GGA, the ‘scissor correction’ is applied [30]. Thus, the electron af-
finity (EA) value, y, is calculated from the ionisation energy by sub-
tracting the experimental band gap (E; = 5.47 eV):

x=I1-E, 3

The work function (¢) is defined as the minimum energy needed to
move a surface electron to a point just outside the solid surface, and is
calculated from

¢ = Ey.— Er @

where Ey is the Fermi energy.
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Fig. 3. Side and plan views of the (2 x 1) reconstructed diamond (100) surface with possible high-symmetry adsorption sites for 0.25 ML of Sc coverage: (a) pedestal
(P), (b) bridge (B), (c) hollow (H), and (d) cave (C). The (2 x 2) unit cell is depicted as a blue box. Grey and cyan spheres correspond to C and Sc atoms, respectively.
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Calculated values of adsorption energy E,qs, ionisation energy I, electron affinity y, work function ¢, and respective bond lengths d, for the lowest-energy structures at
0.25 ML, 0.5 ML, and 1 ML surface coverages of Sc on the bare undoped diamond (100) surface. Geometry-optimisation calculations for the B and P + C positions at 0.5

and 1 ML, respectively, did not converge.

Coverage (ML) Structure E,gs (eV/atom)© I(eV) 7z (eV) @ (eV) d (C-C) (A) d (C-Sc) (A)
0.25 P —5.37 2.45 -3.02 1.98 1.59 2.15
0.25 B —4.45 3.99 —1.48 3.99 1.43,1.75 2.07
0.25 H* —5.92 2.71 -2.76 2.78 1.61 2.35
0.5 P (mirror) —4.95 4.70 -0.77 3.85 1.71 2.24
0.5 H (mirror)" —5.42 4.80 -0.67 3.72 1.68 2.38
0.5 P + H (zigzag)" -6.17 5.18 -0.29 3.88 1.70 2.25,2.41
0.5 P + H (linear) —5.48 4.39 —-1.08 3.37 1.61 2.31, 2.40

1 P+H —4.39 5.81 0.34 3.48 1.65 2.43
1 B+H —4.80 5.09 —0.38 3.39 1.64 2.43,2.48
1 B+C —4.25 4.39 —-1.02 3.80 1.59 2.26, 2.44

2 C sites at both 0.25 ML and 0.5 ML coverages were not added due to their relaxation to the H site.
> B + G (zigzag), B + C (linear), P + C, B+ H positions at 0.5 ML were not included due to their instability. These geometries spontaneously relaxed to P + H (zigzag).
¢ Using Sc metal as the starting point for Sc incorporation rather than the Sc atom adds 3.918 eV per Sc atom to all the adsorption energies Eags.

3. Results and discussion
3.1. Base geometries

To obtain a clear idea of the accuracy and reliability of the calcula-
tions, computational studies were initially performed on the bare, hy-
drogenated, oxygenated (ether or ketone) and nitrogenated diamond
(100) surfaces, and results compared with known literature values.
Fig. 2 shows the associated optimised configurations for the bare and H,
O and N terminated surfaces. The electronic and structural properties of
the underlying structures are in good agreement with those from other
calculations (see Table S1 in the Supplementary Information, section 2).
These calibration results confirm that the modelling method and surface
models reproduce, to a reasonable degree of accuracy, both the previ-
ously measured experimental and calculated values for all of the
important parameters of the surfaces in question, including the EA, E,qs,
and relevant surface atom-atom distances. This gives us confidence in
extending these simulation procedures to study Sc adsorption onto these
surfaces.

3.2. Surface adsorption sites for Sc

The 2 x 2 supercell with four Sc atoms is indicated as one-monolayer
(1 ML) in this work. For this size of supercell, there are also possible sub-
ML coverages including 0.25 ML and 0.5 ML where one or two adsorbate
atoms, respectively, are added to each side-position of a diamond slab.

[100]

,‘i.l"t.

5 [011]
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For the clean diamond surface, a (2 x 1) surface reconstruction
consisting of symmetric dimers has been obtained in GGA energy min-
imisation calculations [18,30,35,48]. Fig. 3 shows the most plausible
adsorption sites previously suggested for alkali and TMs directly bonded
to the (2 x 1) diamond (100) surface, namely the pedestal (P), bridge
(B), hollow (H) and cave (C) positions [19,23,49]. Only one of these
possible sites is occupied by Sc at a coverage of 0.25 ML, while for
increased coverages, such as 0.5 ML and 1 ML, a range of positions are
occupied. For 0.5 ML coverage, high-symmetry sites, including ‘mirror’
and ‘linear’, and ‘zigzag’ (i.e. V2 x \/2) configurations are possible.
When the adsorbate atoms of the Sc are situated vertically above the
symmetric dimers, these configurations are termed ‘mirror’. In ‘linear’
configurations, Sc atoms lie on the dimer row for one half of the 4 x 2
supercell whilst two Sc atoms are diagonally across the (100) surface
lying on the dimer row and between them, in a ‘zigzag’ configuration
(see Fig. S2). At 1 ML coverage, two ‘mirror’ configurations together
form unique high-symmetry configurations.

3.2.1. Sc on the bare (100) diamond surface

A summary of the calculated electronic and structural properties of
Sc adsorbed on different sites on the bare diamond (100) surface is given
in Table 1, while Fig. 4 shows the associated minimum-energy structures
for various surface coverages. The H, P + H (zigzag) and B + H sites are
found to be the minimum-energy configurations for 0.25, 0.5 and 1 ML
coverages of Sc, respectively. Sc adsorbs strongly at these high-
symmetry sites on the bare surface. When Sc is placed in other

1 ..o.\‘ '1?.‘..\‘

Fig. 4. Side and top views of the Sc-adsorbed bare diamond (100) surface of the lowest-energy optimised geometries of (a)-(c) 0.25, 0.5 and 1 ML, respectively. The
(2 x 2) unit cell is represented by a blue box for 0.25 ML whilst the dashed black lines indicate the zigzag and rhombus arrangements for 0.5 and 1 ML coverages of
Sc, respectively, in the 4 x 2 supercell. Grey and cyan spheres are C and Sc atoms, respectively.
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Fig. 5. Plan view depicting the two high-symmetry sites for adsorption on the O-terminated diamond (100) surface: OB = oxygen bridge and OP = oxygen pedestal

positions. Grey and red spheres represent carbon and oxygen atoms, respectively.

potential adsorption sites at coverages of 0.25 and 0.5 ML, reconstruc-
tion to more favourable structures, H and P + H (zigzag), respectively,
takes place. For 1 ML coverage, in the lowest-energy structures, the Sc
atoms form parallelogram arrangements of Sc atoms: a square for the P
+ H and B + C sites, and a rhombus for B + H. These arrangements are
similar to those reported previously for the Al-adsorbed (1 ML) bare
diamond (100) surface described in Ref. [35].

The 0.5 ML Sc-adsorbed surface exhibits much more structural di-
versity than the 0.25 ML or 1 ML coverages, and there are P and H sites
for mirror configurations, and P + H for both linear and zigzag config-
urations. These optimised geometries show stronger interactions be-
tween C and Sc atoms with shorter Sc-C bond lengths of 2.24-2.41 A.
Thus, the most energetically stable Sc-terminated (100) diamond surface
is found to be P + H (zigzag) with a corresponding adsorption energy of
—6.17 eV per Sc adsorbate for 0.5 ML coverage. Furthermore, the
adsorption energies for Sc when forming the other two structures, H and
P + H (linear) at 0.5 ML, are greater than the predicted adsorption en-
ergy of —5.27 eV when the H-terminated bare diamond (100) surface is
formed (see Table S1). This suggests the Sc-adsorbed bare surface is
more stable than hydrogenated diamond (100), and so should be prac-
tical for thermionic emission devices as a thermally stable surface.

Sc addition to the bare (2 x 1) reconstructed surface leads to the
lengthening of the C-C dimer bond from 1.38 A (see Fig. 2a)-1.43-1.75
A, suggesting a change from a double bond to an elongated single-bond.
This is seen in the accompanying decrease in the Mulliken bond popu-
lation of the C-C dimer bond from 1.36 to 0.53-0.90 following Sc
adsorption. Moreover, there is a correlation between the Mulliken
populations of the Sc—Cgimer bonds and the adsorption energies; larger
adsorption energies are associated with a decrease of the Sc—Cgjmer bond
populations. The values of the Sc—Cgjimer bond populations are 0.22, 0.12
and 0.06 for the most energetically favourable configurations at 0.25,
0.5 and 1 ML coverages, respectively.

We stress here that the magnitudes of the EA and work-function are
extremely dependent upon the surface coverage and location of the Sc
adsorbates. Most of the indicated structures have NEA (except the P + H
site at 1 ML) and a low work function. The most negative NEA value of

Table 2

—3.02 eV corresponds to the P site at 0.25 ML coverage of Sc. The EA
values of Sc on (100) diamond compare very favourably with, and are
generally more negative than, reported EA values for alkali metals [18,
19], TMs [23], and metalloids [50,51] with the exception of Ti (—3.64
eV) at 0.25 ML coverage. However, Ti adsorbed on diamond (100) at 0.5
ML and 1 ML was predicted to exhibit PEA and the adsorption energies
of Ti are less exothermic than those of Sc by more than 1.0 eV per Ti
atom [23]. Our results suggest that further computational studies of Sc
at other terminations, such as oxygenated and nitrogenated diamond,
are worthwhile. The highest adsorption energies and the most negative
EA values for the Sc-adsorbed bare surface are summarised and dis-
cussed in section 3.2.3.

3.2.2. Sc on oxygenated (100) diamond

Sc adsorption on both the ether-like and ketone-like oxygenated
diamond surfaces were also examined in this study. The number of high-
symmetry adsorption sites on the oxygenated (1 x 1) surface decreases
to two possible arrangements, similar to those for the bare surface (see
Fig. 3) [18]. Thus, a pair of ‘mirror sites’ for the bare surface, including B
and C, or P and H, are equivalent here since there are the same 2- and
4-coordinated sites. As shown in Fig. 5, these two sites are designated
the oxygen-bridge (OB) position, where a single 2-coordinate Sc adsor-
bate surrounds the nearest two O positions, and the oxygen-pedestal
(OP) position, where a 4-coordinate Sc has four O bonding neighbours.

In order to identify the lowest-energy arrangement, high-symmetry
sites on the Sc-adsorbed (2 x 1) reconstructed O-terminated surface
were also considered, despite the usual instability with respect to
reconstruction of the bare (2 x 1) oxygenated surface. In this case, ac-
commodation of the Sc adsorbate atoms stabilised the underlying O-
layer, and the calculated electronic and structural properties are listed in
Table 2.

The attachment of Sc to an oxygenated surface breaks one of the
existing bonds, either a n-bond of the ketone (C=0) or a 6-bond of the
ether (C-O-C). Most Sc adsorption occurs at ketone O-termination sites,
which then relax to a (2 x 1) reconstruction. At 0.25 ML Sc coverage, Sc
addition to the OP configuration occurs at the P and H sites. At 0.5 ML

Calculated values of adsorption energy E,qs, ionisation energy I, electron affinity y, work function ¢, and respective bond lengths d, for the lowest-energy structures at
0.25 ML, 0.5 ML and 1 ML surface coverages of Sc onto an oxygenated undoped diamond (100) surface. OP (oxygen-pedestal) and OB (oxygen-bridge) indicate the
individual (1 x 1) surface sites. E and K refer to the ether and ketone arrangements, respectively. Geometry optimisation of B at 0.5 ML and of P + C at 1 ML did not

converge.

Coverage (ML) Structure Eads (€V/atom)* 1(eV) 7 V) » (V) d (C-C) (A) d (C-0) (A) d (0-Sc) (A)
0.25 P (OP)-K -7.81 1.74 -3.73 1.43 1.67 1.35 1.98
0.25 H* (OP)-K -8.68 2.19 -3.28 1.86 1.63 1.34 1.94
0.5 P (mirror, OP)-E, K -6.77 5.09 -0.38 3.60 1.67 1.39 2.05
0.5 H (mirror, OP)"-K -7.32 5.29 —0.18 3.69 1.63 1.38 2.02
0.5 P + H (zigzag, OP)"-K -8.25 5.91 0.44 3.85 1.65 1.39 2.02, 2.07
0.5 P + H (linear, OP)}-K -7.15 4.71 -0.76 3.27 1.63 1.39 1.97, 2.11

1 P + H (OP)-K -5.09 6.35 0.88 3.97 1.63 1.39 2.11, 2.44
1 B + H (OP + OB)-K -5.31 5.93 0.46 3.61 1.62 1.38 2.08, 2.27
1 B + C (OB)-K ~4.69 5.05 —0.42 4.06 1.63 1.38 1.98, 2.08

@ C sites at both 0.25 ML and 0.5 ML coverages were not considered due to their relaxation to H.
b B + C (zigzag), B + C (linear), P + C and B + H positions at 0.5 ML are unstable, and these geometries spontaneously relaxed to the P + H (zigzag, OP) site.
¢ Using Sc metal as the starting point for Sc incorporation rather than the Sc atom adds 3.918 eV per Sc atom to all the adsorption energies E,gs.
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Fig. 6. Side and plan views of the minimum-energy optimised geometries for Sc coverages of (a) 0.25 ML, (b) 0.5 ML, and (c) 1 ML on an oxygenated diamond (100)
surface. The (2 x 2) unit cell is represented by a blue box for 0.25 ML whereas the dashed black lines indicate the zigzag and rhombus configurations for Sc coverages
of 0.5 and 1 ML, respectively, in the 4 x 2 supercell. Grey, red and cyan spheres are C, O and Sc atoms, respectively.

coverage, Sc also adsorbs at the OP positions but then relaxes into the P
and H sites, which can exist separately as mirror configurations, or,
alternatively, reconfigure to give P + H (linear) or (zigzag) structures as
given in Table 2. For 1 ML coverage of Sc, two available adsorption
configurations, OP and OB, are possible, which then convert to the P + H
and B + C sites, respectively. However, a combination of an equal
mixture of OP + OB (i.e. B + H) is the most stable. Here, the B + H site
behaves as in the bare surface at the same coverage (see section 3.2.1),
with the 4 Sc atoms forming a rhombus. For sub-ML coverages of 0.25
ML and 0.5 ML, the H and P + H (zigzag) sites are the minimum-energy
positions, respectively, and the corresponding geometries are shown in
Fig. 6.

CO bond lengths at the oxygenated (100) surface are 1.20 A and 1.50
A for ketone and ether linkages, respectively (see Fig. 2c, (d)). The
calculated Mulliken bond populations for these bonds are 0.57 (ether)
and 1.21 (ketone). With addition of Sc, the C=0 ketone double-bond
lengthens to 1.34-1.35 A for 0.25 ML and to 1.38-1.39 A at both 0.5
ML and 1 ML coverages (see Table 2). These bond lengths are slightly
smaller than analogous values reported previously for Ti (0.25 ML, 1.36
A; 0.5 ML, 1.38 A; 1 ML, 1.39 A) [29] and Al (0.25 ML, 1.36 A; 0.5 ML,
1.34-1.41 A; 1 ML, 1.39-1.41 A) [35]. This trend is consistent with the
Mulliken bond populations, which slightly decrease from 0.75 to 0.66
for the same increases in Sc coverage. At the same time, the Mulliken
population of the new Sc-O bond increases from 0.16 to 0.35.

The strong C-O and O-Sc bonds lead to highly thermodynamically
stable configurations with respect to scenarios at the Sc-terminated bare
surface. Overall, the adsorption energies of Sc are in the range —8.68 to
—4.69 eV/atom. At low Sc coverages, these values suggest high thermal
stability of the ScO surface termination. Adsorption energies were
calculated relative to the ether-like arrangement reported in the litera-
ture [30,35]. The most exothermic adsorption is at the H site for 0.25 ML
Sc. As depicted in Fig. 6, Sc on an O-terminated surface prefers the 4-co-
ordinated site, which is more energetically favourable than the 2-coordi-
nated site.

Adsorption energies (see Table 2) become less exothermic with
increasing Sc coverage. This trend is the opposite of that seen for the
other metals previously examined [18,29,35]. If the adsorption energy
decreases with coverage, then an island will have a higher energy (per Sc
atom adsorbed) than an arrangement in which the Sc atoms are sepa-
rated from each other. Thus, islands are thermodynamically unstable.
Moreover, since the Sc-O bond energy is larger than the Sc-Sc bond
energy, aggregation to form multi-layer clusters of Sc, either as 3D
clusters or 2D islands, is thermodynamically unfavourable with respect
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Table 3
Calculated most-negative electron affinities (EA) with corresponding adsorption
energies (E,qgs) of different metal adsorbates on the oxygenated diamond (100)
surface.

Termination Coverage EA Eaas Type of Ref.
(ML) (eV) (eV) calculation
Li 1 -3.50 —3.64 DFT-GGA [30]
Na 1 —1.42 -1.62 DFT-GGA [30]
K 0.25 —2.44 —2.44 DFT-GGA [30]
Cs 0.25 —2.41 -2.19 DFT-GGA [30]
Mg 0.5 -3.28 -3.43 DFT-GGA [30]1
Ti 0.25 —3.10 —7.60 DFT-LDA" [29]
Ni 0.5 —0.16 —-3.80 DFT-LDA" [29]
Cu 0.5 -1.28 -2.35 DFT-LDA" [29]
Zn 0.5 —3.05 -1.13 DFT-LDA" [29]
Al 1 —1.47 —4.11 DFT-GGA [35]
Sc 0.25 -3.73 —7.81 DFT-GGA present
work

# LDA - the local density approximation of the exchange-correlation energy
functional in DFT.

to isolated Sc atoms distributed uniformly over the diamond surface,
making this system highly promising for large-scale manufacturing.

In contrast to Sc absorption onto a bare (100) diamond surface,
adsorption on the oxygenated surface produces a mixture of PEA and
NEA values at coverages of 0.5 ML and 1 ML. In comparison with pre-
vious theoretical studies of the diamond M-O-C system [18,29,30,
35-37], ScO-termination has a larger NEA and a significantly more
exothermic adsorption energy at all coverages. The largest NEA value of
—3.73 eV was observed for Sc in the P site at 0.25 ML, with a corre-
sponding adsorption energy of —7.81 eV per Sc atom. By way of com-
parison, calculated values for other metals at the O-terminated surface
are summarised in Table 3. The largest NEA values and the highest
adsorption energies for ScO-termination are discussed later in section
3.2.3.

3.2.3. Sc on nitrogenated (100) diamond

Compared with both M — C and M-O-C terminations, the M-N-C
system is a relatively unexplored subject in the framework of EA studies
on diamond. Nitrogen is trivalent, whereas each of the surface (100) C
atoms can only form two bonds to an adsorbate, resulting in a dangling
bond on the N atom which is energetically unfavourable. Thus, the
surface reconstructs to form pairs of N-N dimer bonds, as shown in
Fig. 2e.
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Calculated values of adsorption energy E,qs, ionisation energy I, electron affinity y, work function ¢, and respective bond lengths d, for the lowest-energy structures at
0.25, 0.5 and 1 ML surface coverages of Sc on a nitrogenated undoped diamond (100) surface. NP and NB indicate nitrogen-pedestal and nitrogen-bridge sites on the (1
x 1) unreconstructed surface. Geometry optimisation of C site at 0.25 ML, and P (mirror), B + C (linear) positions at 0.5 ML, did not converge.

Coverage (ML) Structure Eags (eV/atom)” 1(eV) 7 (eV) @ (eV) d (C-C) (A) d (C-N) (A) d (N-Sc) (A)
0.25 P (NP) ~7.60 3.72 -1.75 2.29 1.57 2.48, 2.50 2.10
0.25 B (NB) -6.10 4.08 -1.39 2.70 1.56 2.47, 2.49 1.93
0.25 H (NP) ~7.60 3.78 -1.69 2.34 1.57 2.48, 2.50 2.10
0.5 B, C (mirror, NB) -5.03 4.69 —-0.78 3.28 1.56 1.50, 2.49 2.08
0.5 H (mirror, NP) —5.41 5.53 0.06 3.89 1.56 1.52, 2.48 217
0.5 P + H (zigzag, NP) ~6.80 6.01 0.54 4.07 1.57 1.52, 2.51 217
0.5 B + C (zigzag, NB) ~6.02 5.26 —0.21 3.78 1.55 1.51, 2.49 2.03
0.5 P + H (linear,NP) —5.85 5.45 -0.02 3.86 1.55 1.53, 2.49 2.16

1 P + H (NP) —4.24 6.20 0.73 4.40 1.55 1.53, 2.53 2.28, 2.53
1 P+ C,B+ H(NB + NP) —4.66 5.86 0.39 3.88 1.55 1.52, 2.49 2.21,2.35
1 B + C (NB) —4.47 5.77 0.30 4.22 1.55 1.51, 2.50 2.08, 2.32

2 P + Cand B + H positions at 0.5 ML are unstable, and both structures spontaneously relaxed to the P + H (zigzag, NP) site.
b Using Sc metal as the starting point for Sc incorporation rather than the Sc atom adds 3.918 eV per Sc atom to all the adsorption energies E,q4s.

[100]

[100] (o11]

Fig. 7. Side and top views of the lowest energy optimised structures for Sc coverages of (a) 0.25 ML, (b) 0.5 ML, and (c) 1 ML for the Sc-terminated nitrogenated
diamond (100) surface. The blue boxes indicate the (2 x 2) unit cell for 0.25 ML, while the dashed black lines represent a zigzag and rhombus configuration for 0.5
and 1 ML of Sc, respectively, in the 4 x 2 supercell. Grey, blue and cyan spheres are C, N and Sc atoms, respectively.

There are two possible Sc adsorption sites: the nitrogen bridge (NB)
and nitrogen pedestal (NP) positions, resembling the OB and OP sites
described in section 3.2.2. Due to the three-coordinate preference of
nitrogen, an extensive array of optimised geometries is possible, in
contrast to the relatively small number of geometries for the bare and
oxygenated diamond surfaces. Computed electronic and structural
properties of the available structures are given in Table 4, and the
minimum-energy structures for the various coverages of the Sc-adsorbed
N-terminated surface are depicted in Fig. 7.

Sc addition to a full-ML nitrogenated diamond (100) surface occurs
in the same way as for the bare surface, by Sc adsorbing onto high-
symmetry sites, which then rearrange to a lower energy configuration.
In most scenarios, adsorption of Sc breaks both N-N dimer bonds,
excluding the B and H arrangements where only the closest N-N bond to
the Sc is broken. Breaking the N-N dimer bond causes the surface to
revert to (1 x 1). The N-N dimer bond length in the nitrogenated surface
with 1 ML of nitrogen is 1.61 A (see Fig. 2e), with the Mulliken bond
populations for N-N and C-N of 0.48 and 0.66, respectively. Following
Sc adsorption, the C-N bond populations slightly increase to 0.71-0.78,
in contrast to the corresponding decrease in the C-O bond population on
Sc adsorption described in section 3.2.2. This is consistent with the
decrease in the Mulliken populations of the Sc-N bonds, 0.32, 0.21 and
0.11 for the most energetically favourable configurations at 0.25, 0.5
and 1 ML Sc coverage, respectively.

As with ScO-terminated sites, the pedestal (NP) arrangement relaxes
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into the 4-coordinated P and H positions for mirror, linear and zigzag
configurations at all coverages. Moreover, the minimum-energy con-
figurations are found to be both P and H at 0.25 ML, and P + H (zigzag)
at 0.5 ML coverage of Sc. Conversely, the 2-coordinated bridge (NB)
structures are the B and H sites for sub-ML and full-ML coverages. With
1 ML ScN-termination, rearrangement of the NP and NB sites provides
the lowest-energy structures as the P + C and B + H positions have the
same adsorption energy (—4.66 eV/atom). In both structures four Sc
atoms form a rhombus configuration, as shown in Fig. 7c, similar to
those at the Sc-terminated bare and oxidised surfaces.

ScN-terminated surfaces exhibit NEA and PEA at 0.25 and 1 ML
coverages, respectively. The P and H sites at 0.25 ML were shown to
have the largest magnitude NEA of —1.75 eV, and the highest adsorption
energy of —7.60 eV per Sc atom. In contrast, the highest PEA configu-
ration (0.74 eV) is P + H at 1 ML Sc.

Adsorption energies were calculated with respect to a (2 x 1) N-
terminated structure (see Fig. 2e). For all the structures with 1 ML Sc
coverage, the adsorption energies for Sc onto the nitrogenated diamond
surface are lower than the calculated value of adsorption energy (-5.27
eV) for hydrogen onto a bare diamond (100) surface (see Table S1). As
with ScO-terminations, increased surface coverage of Sc on N-termi-
nated diamond also leads to the adsorption energies becoming less
exothermic, suggesting that the Sc coverage, in principle, could be tuned
experimentally to avoid island formation on the surface.

To compare Sc-terminated bare, oxygenated, and nitrogenated
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Fig. 8. A summary of the largest adsorption energies (a) and the most-negative
EA values (b) at 0.25 ML, 0.5 ML, and 1 ML coverages for Sc-terminated bare,
oxygenated, and nitrogenated diamond (100) surfaces. Values are taken from
Tables 1, 2 and 4. The dashed lines indicate relevant coverages of Sc at
each surface.

diamond (100) surfaces, the largest adsorption energies and the most
negative EA values are collected together in Fig. 8 for different Sc cov-
erages. Based upon Hirshfeld and Mulliken population analysis, Sc has a
higher positive charge in the 4-coordinated sites (P and H) than when it
is 2-coordinated (at B and C). Unlike Al [35], Sc favourably binds to the
4-coordinated sites at each surface, exhibiting larger adsorption energies
and the most negative EA values.

As stated earlier in section 3.2.2, the strongest adsorption of Sc on
diamond is found for the oxygenated surface at each coverage, indi-
cating higher thermal stability at elevated temperatures. Adsorption
energies at the different surface terminations follow the same trend as
the tabulated bond enthalpies for Sc-C, Sc-O and Sc-N (444 + 21 kJ
mol’l, 671.4 + 1.0 kJ mol ! and 464 + 84 kJ mol’l, respectively [52]).
As shown in Fig. 8a, increasing the Sc coverage on O-terminated dia-
mond is accompanied by a decrease in adsorption energies, similar to
that reported for Ti [29] and Al [35]. An identical trend is observed for
adsorption to the N-terminated surface. In contrast, at 0.5 ML, Sc ad-
sorbs strongly on the bare surface relative to 0.25 and 1 ML coverages.

The EA depends significantly on the location of the adsorbed Sc
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atoms, as for previously studied metal adsorbates [18,23,29,30,35].
Increased surface coverage leads to less negative EA values at each
surface, with a similar trend to that of the adsorption energies (Fig. 8b).
The most negative EA values at 0.25 ML arise from the 4-coordinated
sites (P) for all three differently terminated diamond surfaces, while
the P + H (linear) site possesses the NEA at the 0.5 ML Sc-adsorbed bare
and oxygenated diamond. In contrast, the NEA of 0.5 ML Sc on the
N-terminated surface results from the 2-coordinated site (B + C).
Furthermore, the EA magnitudes of the various Sc-terminated nitro-
genated diamond surfaces are less negative than those of bare and
oxygenated diamond, exhibiting positive EA values at full coverage.
Thus, of the systems we have examined, we suggest both Sc-terminated
bare and O-terminated diamond (100) surfaces are of great interest for
subsequent experimental studies.

3.3. Electronic properties of Sc-adsorbed diamond (100)

We have examined in more detail the electronic properties of the
selected Sc configurations with the highest adsorption energies and most
negative EA values. The lowest Sc coverage (0.25 ML) was studied for
three different surface terminations using projected density-of-states
(PDOS) plots. The structures for these plots were taken from the
lowest-energy configurations in Tables 1, 2 and 4, respectively. Detailed
surface-charge-distribution plots were calculated for the most-negative
EA configurations (see Supplementary Information, section 3).

We first investigated the PDOS plots of the bare, oxygenated (ether
and ketone) and nitrogenated diamond (100) surfaces, to have a
benchmark for these pristine surfaces. ‘Bulk’ sp> carbon atoms are those
situated in the centre of the diamond slab, whilst ‘surface’ sp? carbons
are in the dimer row (see Fig. S4). The presence of states lying within the
band gap of bulk diamond can be seen in the plots, which are in excellent
agreement with those from other DFT calculations [18,30,35,50,51].

The PDOS plots for the Sc-terminated bare, oxygenated (ketone) and
nitrogenated surfaces at 0.25 ML coverage, are given in Fig. 9. We focus
here on the ketone O-termination existing as a (2 x 1) reconstructed
surface because this has the largest associated Sc adsorption energy (see
Table 2).

For Sc adsorbing on bare diamond, there are prominent bands,
originating from the 3d and 4s states of Sc (Fig. 9a). The majority of
these bands generally occur in the inter-bandgap region, overlapping
with states from the surface C, leading to the Sc-C bonding discussed
earlier. There are 3d and 4s states both below and above the Fermi level.
At the ketone O-terminated surface, the Sc and O PDOS display a large
number of peaks over a wide range of energies, including contributions
from O 2p and Sc 3d and 4s within the band gap region. The 3d states are
lower in energy here than in the PDOS of the bare surface, consistent
with a higher charge on Sc; the Sc-O bond is more ionic than Sc—-C. The
PDOS plots for the Sc-terminated nitrogenated surface in Fig. 9c are
intermediate between those for the bare and O-terminated surfaces,
consistent with the relative electronegativities of C, O and N and the
Mulliken charges on Sc. The 3d states here moved down in energy
relative to the bare surface but not to the same extent as in Fig. 9b.

4. Conclusions

First-principles calculations were performed for Sc adsorption of up
to 1 ML on clean, O- and N-terminated (100) diamond surfaces. Sc ad-
sorbs most strongly on the O-terminated surface, with adsorption en-
ergies much larger than those on for the well-studied NEA surface of
hydrogenated diamond, suggesting higher thermal stability (>1200 °C)
may be possible experimentally. Indeed, an extremely large adsorption
energy of —8.68 eV per adsorbate atom is predicted for 0.25 ML
coverage of Sc on an O-terminated surface. These are much larger than
those observed for any metal previously studied in the context (Table 3)
[18,29,30,35]. Moreover, in contrast to other metal terminations, where
only some of the possible adsorbate structures produced significant NEA
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Fig. 9. PDOS for 0.25 ML Sc adsorption on the (a) bare, (b) oxygenated (ketone) and (c) nitrogenated diamond surfaces. These are the lowest-energy structures from
Tables 1, 2 and 4, respectively. The dashed vertical lines correspond to the Fermi level which is arbitrarily set to zero. In each plot, the atom in question is labelled at
the top right-hand side of each plot and its relevant orbitals are colour-coded. The top of the peaks of the 3d states are cut off.

and many have PEA, with scandium most of the Sc-adsorbed oxygenated,
bare and nitrogenated diamond surfaces display substantial NEA; the
most negative values are —3.73 eV, —3.02 eV and —1.75 eV, respec-
tively, for a Sc coverage of 0.25 ML. This suggests that experimentally,
scandium termination may be more ‘forgiving’ of variations in deposi-
tion conditions than other M—O-C schemes, because whatever structure
is produced will nevertheless result in NEA.

The predicted substantial NEA values for most likely adsorbate
structures, extremely high adsorption energy (and therefore thermal
stability), and the small thermodynamic likelihood of island formation,
suggest that Sc-O-C and Sc—C terminated diamond surfaces may be the
best candidate yet for electron-emission applications at elevated tem-
peratures. As such, subsequent experimental work should focus on
confirming these predictions for Sc adsorbed onto bare and O-termi-
nated diamond surfaces, and measuring their NEA, surface stability and
electron emission properties.
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