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dence for large negative electron
affinity from scandium-terminated diamond†

Ramiz Zulkharnay * and Paul W. May

Negative electron affinity (NEA) or low-work function conditions of wide-band gap materials play

a crucial role in developing effective electron-emission devices, field-effect transistors (FETs), and

energy converters. Single-crystal diamond with electropositive surface terminating groups can

exhibit NEA and has been proposed for possible thermionic emission devices. Here, a report on the

in situ observation of large NEA from scandium-terminated diamond is presented. A quarter

monolayer of Sc was deposited via electron beam evaporation onto bare diamond (100) and (111)

surfaces. The variations of surface structure, electron affinity (EA) and work function (WF) were

measured following each annealing step in vacuo at temperatures up to 900 °C. The magnitudes of

the EA were found to be dependent upon the surface orientation and annealing temperature, the

most negative measured being −1.45 eV and −1.13 eV for the diamond (100) and (111) surfaces,

respectively. These values show that these two Sc–diamond surfaces have the highest negative EA

for a metal adsorbed onto bare diamond measured to date, as well as being thermally stable up to

900 °C. This study unveils structural and electronic insights into tuning the adsorbate–diamond

interface and further expands the potential candidate material map for effective electron-emission

applications.
1. Introduction

Recent decades have witnessed signicant technological prog-
ress and economic growth, resulting in a global energy crisis
due to relying primarily on fossil fuels.1 Besides the adverse
environmental problems (e.g. climate change, stratospheric
ozone depletion, degraded air and water quality, etc.) associated
with burning carbon-based fuels, the constantly increasing
demand for energy may deplete these energy sources in the near
future.2,3 This is driving the search for alternative, cleaner
sources of energy that could surpass those currently used.
Direct thermal conversion of solar heat into electric power has
been proposed as a renewable and green energy source, using
low-work-function cathode materials in the form of a ‘therm-
ionic energy convertor’ (TEC).4–6

Diamond-based low-work-function or ‘negative electron
affinity’ (NEA) cathodes are currently of great interest, especially
for TEC devices, because many of the superlative properties of
diamond greatly exceed those of competing materials such as
LaB6 and CeB6.7 Although surface functionalization of diamond
with hydrogen can produce NEA, hydrogenated diamond
emitters are impractical for high-temperature devices due to the
Cantock's Close, Bristol BS8 1TS, UK.

tion (ESI) available. See DOI:

13432–13445
desorption of H atoms at temperatures above 700 °C.8,9 Many
alternative diamond adsorbates have been studied, both theo-
retically and experimentally, but to date, no single adsorbate
has yet provided both NEA and a thermally robust surface at
elevated temperatures. Thus, there is a need to nd alternative
diamond surface terminations that will afford a high electron-
emission yield at relatively low temperatures (∼500 °C), will
not degrade during use, and be compatible with commercial
TECs for solar power applications.

Previous experiments on diamond have shown that the best
NEA and electron-emission performance generally arises from
small, highly charged metallic adsorbates that form strong bonds
with C and O, as reviewed in ref. 7. Multiple bonding arrange-
ments are possible between oxygen and the carbon atoms on the
surface of diamond, labelled Cd. These include ketone (Cd]O),
bridging ether (Cd–O–Cd), hydroxyl (Cd–OH), lactones, etc. As
such, M–O–Cd systems can possess a variety of surface electronic
properties, displaying a mix of NEA and positive electron affinity
(PEA).10,11 A wide range of metal adsorbates (from Groups I and
II12–16 to rst-row transition metals (TMs)10,11,17) terminating an
already partially or fully oxidised surface have been recently
examined theoretically and experimentally in an attempt to ach-
ieve a more robust NEA – but with various degrees of success. To
date, Li and Mg are the only potential adsorbates with signi-
cantly large NEA values. For Mg, the NEA value of−2.01± 0.05 eV
is the largest observed so far.15 However, thermionic emission
This journal is © The Royal Society of Chemistry 2023
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studies have not yet been performed for these two adsorbates, and
so their high-temperature stability is unknown.

Alternatively, if metal atoms (usually with electronegativity EN
<2.55) are directly bonded to the bare diamond, the M–Cd surface
can also exhibit an NEA. However, the electronic and structural
properties greatly depend upon the various metal reactivities
towards carbon. For instance, carbide-forming metal adsorbates
(e.g. Al, Ti, V) can possess signicant thermal stability in addition
to NEA due to their short M–Cd bond length.18 However, metal
adsorbates like Cu which do not form a carbide show a low NEA
and may oxidise easily in air or readily delaminate at high
temperatures.19 Although several experimental studies have been
reported onmetal adsorbates on bare diamond, only a few of these
systems exhibited favourable electron-emission behaviour. Thin
layers of up to 10 Å of Cu, Co and Zr on diamond (100), (111) and
(110) surfaces had small but robust NEA values in air, measuring
between −0.70 eV and −0.15 eV.20 In addition, Ni–diamond (100)
and (111)21 and Ti–diamond (111)22 surfaces also exhibited low
NEA.

In order to identify a better NEA candidate, we recently re-
ported a computational study of the scandium–Cd system, with
predicted values of electron affinity (EA) and work function (WF)
for the undoped diamond (100) surface.23 For the Sc-terminated
bare diamond surface, these values were extremely dependent
upon the surface coverage and position of the Sc adsorbates,
with the most negative EA value being −3.02 eV (WF = 1.98 eV)
for a 0.25 ML coverage. This NEA value was superior to that of
a TiC-termination studied before.24 Furthermore, all of the Sc–
Cd bonding arrangements were calculated to be highly
exothermic, suggesting stability at higher temperatures. Thus,
Sc is an exciting candidate yet to be investigated experimentally
which meets all the preferred criteria for an adsorbate atom.

Using state-of-the-art surface-science techniques, we present
the rst detailed, systematic study of scandium metal (0.25 ML)
adsorbed on bare single-crystal diamond (100) and (111)
surfaces, along with their EA and WF values. To gain insights
into the surface electronic structure at any stage of the sample
preparation, X-ray and ultraviolet-photoelectron spectroscopy
(XPS, UPS), real and reciprocal mapping by energy-ltered
photoemission electron microscopy (EF-PEEM), and spot-
prole analysis low-energy electron diffraction (SPA-LEED)
measurements were carried out. As a result, a high yield of
secondary electron emissions from Sc-terminated single-crystal
diamond (100) and (111) surfaces accompanied by high thermal
stability was achieved by the controllable tuning of surface
electronic states, as activated by a step-by-step annealing
process. The experiments were supported by quantum-
mechanical density functional theory (DFT) calculations to
model the Sc–Cd surface structures. This study reveals a route
toward new horizons in the fabrication of next-generation
electron emission devices.

2. Experimental section
2.1 Diamond preparation

Two single-crystal undoped diamond substrates with different
crystallographic orientations were acquired from Element Six
This journal is © The Royal Society of Chemistry 2023
Technologies, Ltd (Ascot, UK). The rst substrate was a square
(100) crystal (product code: 145-500-0547) with a side length of
3 mm grown by chemical vapour deposition (CVD), while the
second was a hexagonal-shaped (111) substrate (product code:
145-500-0561) with a side length of 4 mm obtained by a high-
pressure high-temperature (HPHT) process. The polished
surfaces had an average surface roughness (Ra) of 1.23 ±

0.25 nm and 3.91 ± 0.55 nm for (100) and (111) samples,
respectively, as measured by Atomic Force Microscopy (AFM)
over a 20 mm2 area (see Fig. S1 in the ESI†). The substrates were
cleaned in a boiling mixture of concentrated sulfuric acid with
potassium nitrate (6.5 g KNO3 in 100ml of 95%H2SO4) for 3 h to
remove residual contamination from the polishing procedures.

To preclude surface charging effects during photoemission
measurements, a conducting BDD overlayer was grown homo-
epitaxially on single-crystal diamond (100) and (111) substrates
via a hot-lament CVD (HFCVD) technique using a gas mixture
consisting of 1% CH4 and 5% B2H6 in H2 with a total gas ow of
202 standard cubic centimetres per minute (sccm). The depo-
sition was for 1 h resulting in a boron concentration of ∼1020

cm−3 (as previously measured by secondary-ion mass spec-
trometry (SIMS)), giving an epitaxial lm with near-metallic
conductivity and a thickness of ∼0.5 mm. Both samples were
then treated in a microwave plasma-enhanced CVD (MPECVD)
reactor using a pure hydrogen plasma in a multi-step procedure
(∼900 °C for 2 min, then 550 °C for another 2 min, and nally
a cool-down in H2) to ensure the surfaces were fully hydrogen
terminated.

The two hydrogenated (100) and (111) samples were used as
an initial point for this study and placed into a NanoESCA II
surface-science analysis system under ultra-high vacuum
(UHV). The samples were then annealed at 300 °C for 1 h to
remove residual contaminants. As required, the samples were
shuttled between the deposition, analysis and annealing
chambers and remained in situ under UHV for the duration of
all subsequent experiments.
2.2 Scandium deposition

A Sc rod (99.99%, 2 mm diameter × 28 mm long) purchased
from Testbourne Ltd (Hampshire, UK) was used as the metal
source for the electron-beam evaporation. Sc was deposited
onto the diamond surface at room temperature, using
a thoroughly degassed Mantis QUAD EV-C evaporator at
a base pressure of ∼1.0 × 10−9 mbar. A quartz-crystal
microbalance was employed to monitor the deposition rate,
while the amount of Sc evaporated was precisely dened by
the area of the core-level Sc 2p peak as measured using XPS
(see later). At a lament power of 8.8 W, the deposition rate
was determined to be 0.183Å min−1, which equated to
a monolayer (ML) (3.3 Å) every 18 min.
2.3 Annealing

A coiled tungsten lament situated just behind the sample
holder was used as the resistive heating element, enabling the
annealing temperature to be controlled from 300 °C to 920 °C.25
J. Mater. Chem. A, 2023, 11, 13432–13445 | 13433
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2.4 Surface analysis

A monochromatic Al Ka source (1486.7 eV) was employed to
perform XPS analysis with an electron polar angle of 45° to the
surface normal. The total energy resolution was 600 meV at
a pass energy of 20 eV. A polycrystalline gold lm was used to
calibrate the XPS signals by aligning the Au 4f7/2 peak to 84.0 eV.

SPA-LEED was used to determine the surface reconstruction
and crystalline structure of the samples, using an electron
energy of 100 eV and 150 eV for the (100) and (111) surfaces,
respectively. The low energies ensured that only the rst few
atoms at the surface were analysed. These are of particular
interest here because they provide information about (i) the
lattice structure and surface reconstruction (if any) aer the
removal of the H-terminated layer, deposition and annealing
procedures, (ii) the intensity of surface domains (e.g. (1 × 1) or
(2 × 1)) in reciprocal space, and (iii) qualitative determination
of the presence of adsorbate atoms of interest (in this case, Sc).
A simulation of the LEED pattern was carried out using the
LEEDpat4 soware26 for each surface to aid the analysis of the
experimental data.

Region-selected UPS and WF mapping were carried out by
EF-PEEM with an energy resolution of 0.14 eV. A Hg-vapour
lamp (5.2 eV) and monochromatic He(I) discharge lamp (21.2
eV) were used as the UV-light source for WF mapping and UPS,
respectively. Iris tuning allowed the eld of view value of ∼37.5
mm to be dened for the EF-PEEM study.
2.5 Density functional theory (DFT) calculations

The Cambridge Serial Total Energy Package (CASTEP) code,27

a rst-principles simulation applying the generalised gradient
approximation (GGA) within the Perdew–Burke–Ernzerhof
(PBE) approximation, was employed to calculate the electronic
structure of the two diamond (100) and (111) surfaces. A plane-
wave basis set was used to construct the electron density with an
energy cut-off of 800 eV. To simulate the surface reconstruction
and relaxation of the two diamond surfaces, a fourteen-carbon-
layer diamond slab with unit-cell dimensions of 3 × 2 was used
for all structures in this study. The C atoms in the lowest layer
were terminated with H to maintain the required 4 tetrahedral
bonds for sp3 Cd and allow geometry optimisation. To replicate
the boron-doping level from the experimental study with a B : C
ratio of 0.3% or 812.5 parts per million (ppm), one C atom in the
second layer of the slab was substitutionally replaced by a B
atom, following the procedure reported by Zhao et al.28
2.6 Experimental procedure

Sc-terminated surfaces with a coverage of 0.25 ML were ob-
tained using a three-step process. The hydrogenated (100) or
(111) diamond samples were rst annealed to 920 °C for 1 h
under UHV conditions causing full desorption of H atoms from
the surface.18,29 This was conrmed by the surface LEED pattern
indicating reconstruction from the hydrogenated to the bare
diamond (111) surface. For the second step, previous theoretical
calculations had suggested that 0.25 ML of Sc was optimal to
achieve the largest NEA.23 Sc deposition was therefore
13434 | J. Mater. Chem. A, 2023, 11, 13432–13445
performed at room temperature for 4.5 min giving the required
0.25 ML coverage. Finally, the effects of post-deposition
annealing at a range of temperatures up to 900 °C were deter-
mined by examining both structural and electronic changes at
the interface aer each annealing step using SPA-LEED, XPS,
UPS and EF-PEEM techniques.

3. Results and discussion

The surface structure of diamond at any stage of the sample
preparation was examined using SPA-LEED measurements for
H-terminated, bare, Sc-adsorbed diamond (100) and (111)
surfaces, and aer the nal annealing at 900 °C to verify the
quality of surface termination attained. The experimental data
from all structures in this work were accompanied by LEEDpat4
simulation and DFT calculations to aid understanding of the
atomic arrangement and surface reconstruction in real and
reciprocal space.

The hydrogenated (100) and (111) surfaces were investigated
rst in order to have a benchmark for the other diamond
structures. The LEED pattern of both H-terminated (100) and
(111) surfaces showed the absence of foreign terminating
species (e.g.O) at the surface (see Fig. S2 and S3 in the ESI†), and
these patterns are in good agreement with those from other
work.30–33

With full desorption of H adatoms, the adsorbate-free
structure with the same unit cell as the initial hydrogenated
surface was obtained for diamond (100), as shown in Fig. 1(a).
The surface dimer originating from sp2 carbons in parallel rows
remained stable with a (2 × 1) or (1 × 2) periodicity for the bare
(100) surface. The shortening of the dimer bond length from
1.62 Å to 1.38 Å was calculated theoretically,23,34 resulting from
the breakage of C–H bonds at the surface. The resulting recip-
rocal lattice of bare (100) diamond exhibited a four-fold rota-
tional symmetry of the double-domain with a separation of 1.26
Å−1 from the central (0,0)-spot to (0,1) or (1,0) (along the
reciprocal lattice vector kx or ky), corresponding to a real-space
distance of 4.99 ± 0.02 Å (Fig. 1(a)). We note that the central
(0,0) spot ts (∼99%) with the centre of the Brillouin zone (G)
for the C(100)-(2 × 1) surface, as in the case of Si(100)-(2 × 1).35

In contrast, as illustrated in Fig. 1(b), an extra domain
appeared for the (111) surface due to the presence of unstable
dangling bonds following H desorption, resulting in a constant
(2 × 1) reconstruction. This led to the formation of Pandey or
conjugated p-bonded chains from the surface carbon atoms on
the upper- and lower-layer forming a corrugated surface.32 A
reciprocal distance of three rotational domains in a hexagonal
lattice was 1.25 Å−1 along the k-vectors, giving a real-space
separation of 5.03 ± 0.02 Å (Fig. 1(b)).

Although homoepitaxial bare (100) and (111) surfaces are
atomically at and well ordered, as conrmed by EF-PEEM
maps (see later), the absence or weaker intensity of some
inner diffraction spots between the integral-order domains (i.e.,
between (0,0) and (0,1) or (1,0)) can be seen for the (100) and
(111) diamond LEED patterns (Fig. 1(a) and (b)). This is most
likely a result of scattering from the bare surface with a disor-
dered top-most layer aer in vacuo annealing at 920 °C;31 thus,
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 LEED patterns of the diamond (100) and (111) samples at various stages of preparation collected at a beam energy of 100 eV and 150 eV,
respectively. (a) C(2 × 1)-(100) bare surface and (b) C(2 × 1)-(111) bare surface; (c) C(2 × 1)-(100):0.25 ML Sc and (d) C(2 × 1)-(111):0.25 ML Sc,
both after deposition at RT, and (e) C(2 × 1)-(100):0.25 ML Sc and (f) C(2× 1)-(111):0.25 ML Sc, both after in vacuo annealing to 900 °C. The (100)
and (111) surfaces possess four-fold and three-fold symmetries resulting from two and three rotational diffraction domains with a commensurate
topology of (2 × 1) or (1 × 2), respectively. The reciprocal-lattice vectors along the kx and ky axes are indicated by white dashed arrows, while
blue- and red-dashed rectangles/parallelograms indicate (2 × 1) and (1 × 2) reconstructions, respectively. Diagrams are also shown for
a superposition of the simulated reciprocal-space patterns for the (g) C(2 × 1)-(100):0.25 ML Sc and (h) C(2 × 1)-(111):0.25 ML Sc surfaces. In
panel (g), two domains rotated by 90° in a square lattice are shown as blue and red circles for C and Sc atoms, respectively. In (h), three domains
are rotated by 120° in a hexagonal lattice: blue is for C, while green and red circles are for Sc atoms. The white circles refer to the (1 × 1) spots,
whilst black and yellow dashed arrows are the primitive reciprocal-lattice vectors representing (1 × 1) diffraction spots and (2 × 1) or (1 × 2)
reconstructions, respectively.
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the background intensity was fainter than that for the hydro-
genated surfaces (Fig. S2(a) and (b)†). Meanwhile, a good indi-
cation of low defect density for the Sc-adsorbed surfaces can be
obtained from Fig. 1(c) and (d), with the appearance of sharp
half-order spots with low background intensity suggesting an
excellent quality of the structural order at the surface layer. This
is also evident from the spot-prole analysis of the bare and 0.25
ML Sc-adsorbed diamond (100) and (111) surfaces along the kx
vector (see Fig. S4 in the ESI†). Although the individual spot
intensities may differ, it is signicant to note that the LEED spot
positions associated with the bare C(100)-(2 × 1) and C(111)-(2
× 1) substrates remain intact aer Sc deposition at room
temperature (RT). Thus, the lattice constant of the topmost layer
of both single-crystal (100) and (111) samples remains unal-
tered, allowing a 2D adsorption of the sub-ML of Sc.

Following annealing of the (100) and (111) surfaces at
elevated temperatures (Fig. 1(e) and (f)), the 0.25 ML coverage
of Sc was retained with a (2 × 1) surface reconstruction. The
LEED patterns showed that the inner spots along the different
axes (kx and ky) of the surface became more diffuse, with an
increased streakier background compared to that in the
diffraction pattern for the (1 × 1) reconstruction. Moreover,
a slight decrease in the two-domain spacing to 1.25 Å−1 was
observed for the (100) surface, while the reciprocal distance
for the (111) sample remained stable. Respective real-space
distances of two (100) and (111) samples provided a value of
This journal is © The Royal Society of Chemistry 2023
5.03 Å ± 0.02 Å aer annealing at 900 °C. These values agree
well with our theoretical predictions and with those from
other DFT studies,32 providing rectangular and parallelogram
primitive unit cells with a lattice constant of 5.02 Å and 5.03 Å
along the x-axis direction for the (100) and (111) surfaces,
respectively (see Fig. 2(c) and (d)).

To support the experimental data, the LEED patterns for the
0.25 ML Sc-terminated diamond were constructed by the

LEEDpat simulation, applying a matrix

 
M ¼

"
2 0
0 1

#!
with

a set of blue and red spots referring to the two domains rotated
by 90° for the (100) surface, and three domains including blue,
green and red, related by 120° rotation on a hexagonal lattice for
the (111) sample. The reciprocal unit-cell vectors for one of the
Sc adatoms and the surface Cd atom are indicated in Fig. 1(g)
and (h), while corresponding primitive unit-cell lattices are
square and hexagonal, as expected for the single-crystal dia-
mond (100) and (111), with a (2 × 1) reconstructed surface.

To evaluate the adsorbate site geometry resulting from the
interaction of adatoms with diamond, electronic and structural
properties of the bare and the 0.25 ML Sc-terminated boron-
doped diamond (BDD) (100) and (111) surfaces were
computed employing ab initio DFT calculations. The associated
minimum-energy congurations for these surface terminations
on the two diamond surfaces are shown in Fig. 2(a)–(d).
J. Mater. Chem. A, 2023, 11, 13432–13445 | 13435
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Fig. 2 The lowest-energy optimised geometries of the (a) C(2 × 1)-(100) and (b) C(2 × 1)-(111), and (c) C(2 × 1)-(100):0.25 ML Sc surface and
(d) C(2 × 1)-(111):0.25 ML Sc surface calculated using DFT. The surface primitive unit cells are marked by blue dashed rectangles and
parallelograms representing (2 × 1) reconstruction for the (100) and (111) surfaces, respectively. (e and f) Drawings of the superposition of
real-space patterns for the C(2 × 1)-(100):0.25 ML Sc and C(2 × 1)-(111):0.25 ML Sc surfaces with square and rhombus grey grids,
respectively. The red circles are the position of individual domains, whilst the blue dashed rectangle and parallelogram show the (2 × 1)
periodicity.
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By applying Levin's model (primarily proposed for bare
Si(100)), the possible structures with 0.25 ML surface coverage
of Sc were calculated using a method previously reported for
13436 | J. Mater. Chem. A, 2023, 11, 13432–13445
theoretical and experimental studies of alkali metals adsorbed
onto diamond.36,37 With Levin's and other suggested models,
most metal adsorbates generally occupy the hollow or cave sites
This journal is © The Royal Society of Chemistry 2023
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leading to a (2 × 1) symmetry on Si or diamond, consistent with
our recent DFT calculations for Al and Sc adsorbed onto
undoped diamond (100).23,34 However, an ‘overlaid above-row
conguration’ is also possible for TMs and some metalloids
with a surface coverage of 0.25 ML, as observed for the Si(100)
surface, where adsorbate atoms sit directly above the underlying
dimer row.38–40 This adsorption geometry resembles a ‘pedestal-
like’ structure and agrees with our experimental data if the as-
deposited Sc atoms sit perpendicular to the direction of the
bare C–C dimers in the topmost layer. In this conguration, the
Sc adatom locally occupies the individual pedestal sites, lying
on top of two parallel dimers. This adsorbate geometry was
therefore conrmed by DFT calculations as the lowest-energy
and most-negative EA conguration among the available
adsorption sites for the 0.25 ML Sc-adsorbed boron-doped
C(100)-(2 × 1) surface, as depicted in Fig. 2(c).

For the (111) surface, Sc adsorbs strongly at the hollow site of
a lower chain on the bare surface with a surface coverage of 0.25
ML, providing a thermodynamically favourable conguration
amongst others (Fig. 2(d)). However, the EA value of this
structure is less negative than that of the cave site of a lower
chain. A real-space pattern simulation was performed to
accompany the DFT calculations, to provide a better under-
standing of the real-space structure. This resulted in the
diagrams of surface reconstruction of (2 × 1) or (1 × 2) in a real-
space lattice for the 0.25 ML Sc-terminated diamond (100) and
(111) samples, as shown in Fig. 2(e) and (f), respectively.

Having examined the surface structure of Sc adsorption on
the bare (100) and (111) diamond surfaces, we now turn to
investigate the elemental composition and surface electronic
states by core-level photoemission. To monitor chemical
changes in C and Sc core-level peaks with no contamination
present at the surface, XPS scans were performed in situ at
various stages of the sample preparation.

To gain insights into the nature of surface bonding, the
deconvoluted C 1s peak has been extensively studied in the
context of functionalised diamond.29,41 For completeness, the
deconvoluted XPS spectra for the (100) and (111) surfaces have
been shown in the ESI† (Fig. S5) as benchmarks and provide
evidence that the system calibration was performing as
Table 1 Experimentally determined values of the electronic structure at
and 0.25 ML Sc-terminated diamond (100) and (111) surfaces (as-deposi
from the findings of the UPS analysis.

Diamond

VBM, eV

XPS

(2 × 1)-(100):H 0.29
(1 × 1)-(111):H 0.37
(2 × 1)-(100) 0.96
(2 × 1)-(111) 1.04
(2 × 1)-(100):0.25 ML Sc (as-deposited at RT) 0.86
(2 × 1)-(111):0.25 ML Sc (as-deposited at RT) 0.98
(2 × 1)-(100):0.25 ML Sc aer annealing at 900 °C 0.48
(2 × 1)-(111):0.25 ML Sc aer annealing at 900 °C 0.60

a The determined values are indicated with a negative sign, as the Fermi

This journal is © The Royal Society of Chemistry 2023
expected. For the spectra of the hydrogenated (100) and (111)
surfaces, two separate chemical components can be found
which are characteristic of bulk and surface C atoms with sp3

hybridisation, arising at binding energies (BEs) of 284.3 eV and
∼285 eV, respectively, no matter how the surface is terminated.
Although the intensity of C 1s was slightly higher for the H-
terminated (100) surface, core-level spectra for both hydroge-
nated surfaces were similar, with BEs of 284.19 eV and 284.27 eV
for the C 1s bulk component (CB) of the C(2 × 1)-(100):H and
C(1 × 1)-(111):H, respectively. The second component peak
associated with the surface carbon (CS) was at ∼+0.6 eV relative
to CB, indicating H-termination or existing hydrocarbon
fragments.33,42

To determine the surface Fermi level (EF) states, Maier
et al.43 calculated the xed core-level BE separation between
the bulk C 1s and the valence-band maximum (VBM) to be
283.9 eV. For the C(2 × 1)-(100):H and C(1 × 1)-(111):H
surfaces, the EF position was thus pinned at 0.29 eV and
0.37 eV above the VBM position, respectively. These values
vary with the doping level of samples, but are in close agree-
ment with the positions of the bulk Fermi level, ranging
between 0.20 eV and 0.40 eV.42 Thus, we infer that no addi-
tional band-bending is induced before the full desorption of
H atoms. In addition, the calculated values of the VBM for
both hydrogenated surfaces obtained by XPS analysis are
further compared with the experimentally measured values
from UPS scans (see Table 1).

Fig. 3 shows a set of normalised C 1s core-level spectra
acquired for (i) the bare (100) and (111) diamond surfaces aer
in vacuo annealing at 920 °C, (ii) following Sc deposition of 0.25
ML coverage onto the bare (100) and (111) diamond (labelled
‘as-deposited’), and (iii) the 0.25 ML Sc-adsorbed bare C(100)
and (111) surfaces aer the nal annealing stage at 900 °C. The
920 °C annealing under UHV causes H desorption and creates
an adsorbate-free bare diamond surface. The chemical shis of
the core-level spectra for C 1s for this surface are consistent with
an alteration of surface states leading to PEA with the conduc-
tion bandminimum (CBM) situated below the vacuum level.25,33

The C 1s peaks are composed of bulk (CB) and surface (CS)
carbon components, as depicted in Fig. 3. The formation of
significant steps of the sample preparation (e.g. the H-terminated, bare
ted and after final annealing at 900 °C)). Note: c values are calculated

f, eV

c, eVUPSa UPS EF-PEEM

0.72 3.49 3.60 −1.28
0.89 3.62 3.74 −0.96
1.06 4.94 5.13 0.53
1.12 5.03 5.18 0.68
0.58 4.33 4.45 −0.56
0.64 4.59 4.73 −0.24
0.80 3.22 3.28 −1.45
0.82 3.52 3.58 −1.13

level is set to zero.

J. Mater. Chem. A, 2023, 11, 13432–13445 | 13437
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Fig. 3 Core-level spectra of C 1s at specific processing stages (a and c) (e.g. (i) bare diamond after annealing, (ii) after 0.25 ML Sc deposition and
(iii) after in vacuo annealing at 900 °C) of the sample preparation on the diamond (100) and (111) surfaces, respectively, from a set of spectra (b
and d) for step-by-step acquisitions. Black dashed lines indicate peak positions, showing the binding energy (BE) shift of the C 1s peak. Bulk and
surface carbon components are labelled CB and CS, respectively.
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surface states and occurrence of band-bending are primarily
inuenced by shis in the C 1s core-level BE, although other
factors, such as peak shape and asymmetry also contribute to
surface effects, as described elsewhere.25 By deposition of
sufficiently electropositive Sc atoms with successive annealing
steps, a continuous decrease in BE for the C 1s peak is observed
by detailed step-by-step monitoring for both the (100) and (111)
surfaces, although the CB component is independent of the
surface modication (Fig. 3(a) and (c)). This behaviour is the
opposite of that observed for other functionalised diamond
surfaces exhibiting PEA reported earlier.30

In contrast, for both the (100)- and (111)-oriented samples,
the BE for the Sc 2p peak continually increased with succes-
sive annealing steps, shiing chemically in the opposite
direction relative to the C 1s peak (Fig. 4). For the as-deposited
C(100) and (111), the Sc 2p3/2 sits at 398.56 eV and 398.49 eV,
13438 | J. Mater. Chem. A, 2023, 11, 13432–13445
respectively, in excellent agreement with the literature, as
observed for the metallic (or ScC) layer peak of Sc at
398.45 eV.44 Using the core-level spectral areas for Sc and CS,
we estimate that ∼25% of the CS components become termi-
nated with Sc. Specically, the amount of the deposited Sc
onto bare diamond was 25.2% and 24.6% for the (100) and
(111) surfaces, respectively. This fraction is just slightly
reduced during the annealing steps, suggesting that most of
the adsorbed Sc atoms are strongly attached to the diamond
surface.

Although all analyses were done in situ, it is signicant that
due to the high affinity of Sc towards oxygen, coupled with the
known trace amount of O present within the Sc rod (see Table S1
in the ESI†), a small quantity of O was observed aer Sc depo-
sition for both surfaces. Similar behaviour has previously been
described by Moram et al. for an ScN thin-layer on sapphire,
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Core-level spectra of Sc 2p at specific analysis stages (a and c) (e.g. (i) after 0.25 ML Sc deposition and (ii) after in vacuo annealing at 900 °
C) of the sample preparation on the diamond (100) and (111) samples, respectively, from a set of spectra (b and d) for step-by-step monitoring.
Black dashed lines indicate peak positions for Sc 2p3/2, showing the BE shifts of the Sc 2p peak.
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indicating that there was a trace amount of Sc2O3 species
present in their samples.45 This suggests that by using UHV
conditions, O incorporation into the Sc-containing thin lms
can easily be limited to only trace amounts. As a result, the O 1s
peak is present only aer deposition but reduces following low-
temperature annealing (300 °C and 500 °C), as reported by
O'Donnell et al. for the Li–O–Cd system.13 The small amount of
O had fully desorbed aer the 700 °C annealing (Fig. S6†),
leading to a more thermodynamically favourable conguration
via a ‘scandium-oxycarbide’ to ‘scandium-carbide’ transition.

A complex shiing of carbon and scandium BEs in opposite
directions causes a substantial increase in the surface dipole,
suggesting the CBM is pinned a long way above the vacuum
level, resulting in a high NEA (see the UPS spectra andWFmaps
later). For the Sc 2p peak, the nal shi in BEs aer the
annealing at 900 °C was found to be +0.96 eV and +0.68 eV for
This journal is © The Royal Society of Chemistry 2023
the single-crystal diamond (100) and (111) surfaces, respec-
tively. We interpret this as being due to a thermal ‘activation’
effect resulting in signicant structural and electronic changes
on both diamond surfaces. A detailed summary of tting
parameters for C 1s and Sc 2p core-level spectra is tabulated in
Tables S2 and S3 in the ESI.†

The electrostatic potential results in charge imbalances in
bonds (i.e. Sc–C bonds), accompanied by a BE shi of core-level
electrons.30,46 With this in mind, we calculated the electrostatic
potential acquired for the two diamond orientations for bare
and 0.25 ML Sc-terminated diamond surfaces. Although the
electrostatic potentials of these two surfaces are signicantly
different, the relative magnitude of the C 1s and Sc 2p core-level
BE shis for both the (100) and (111) single-crystal samples
shows that they exhibit surface-dipole formation caused by the
scandium addition onto the bare diamond. The Pauling
J. Mater. Chem. A, 2023, 11, 13432–13445 | 13439
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electronegativity value of carbon (EN = 2.55) is higher than that
for scandium (EN = 1.36), thus, the surface C atoms possess
a slight negative charge when bonded to the deposited Sc, while
a slight positive charge appears on the Sc atoms. This results in
dipole formation on the diamond surface, with Sc sitting on the
positive side of the surface dipole. In contrast, the negative side
is situated on the uppermost C layer. Consequently, due to
a signicant charge transfer from the adsorbed Sc atoms,
carbon and scandium core-level BEs shi in opposite directions
during the thermal activation process.

While the BEs in core-level spectra are closely related to the
atomic position of each element (e.g. C or Sc) in the potential
plot, the overall shi of BE for the CB and CS components can be
interpreted by the change of bulk (VB) or surface (VS) potentials
from the bare surface to Sc-termination, respectively.30 Because
the surface properties of functionalised diamond are of primary
interest in this study, VS oscillations through the (100) and (111)
surfaces from the simulated electrostatic plots (Fig. S7 in the
ESI†) were compared with the BE shi of the CS component
peak for each surface. The difference in VS values was −4.21 eV
and −3.52 eV for the (100) and (111) samples, respectively, in
reasonable agreement with our experimental results from XPS,
where the CS peak shied in BE to−0.42 eV for the (100) surface
and −0.36 eV for the (111) surface (Table S2 in the ESI†). Thus,
this suggests a qualitative conrmation that the surface C peak
(CS) for (100) diamond shis to a greater extent than for the
(111) surface, indicating a larger surface dipole (or NEA).

We now focus on possible emission mechanisms from the
Sc-adsorbed (100) and (111) diamond surfaces in an effort to
unravel the change in EA or WF through an ‘activation’ process.
Since the electronic states of the particular surface differ based
on the position of its energy levels (e.g. EF and the vacuum level),
we now consider three cases: PEA, NEA and ‘true’NEA, and their
relationship with the WF, as shown schematically in Fig. 5.
Fig. 5 Schematic band diagram illustrating the electron affinity, c and
its relationship with the work function, f, in relation to a fixed vacuum
energy level, Evac, for various semiconductor systems. The valence
band (VB) and conduction band (CB) are represented in red and blue,
respectively. The position of the Fermi level, EF, in the band gap varies
depending upon the doping type of diamond. (a) PEA, (b) NEA, (c) ‘true’
NEA in p-doped diamond with downward band bending.

13440 | J. Mater. Chem. A, 2023, 11, 13432–13445
For PEA, EF is typically situated midway between the upper
level of the valence band (VB) and the lower level of the
conduction band (CB), while Evac usually lies higher in energy
than the CBM (ECBM). This allows any electrons excited into the
CB by sufficient thermal energy or photoexcitation to overcome
the surface potential barrier to escape and be emitted into the
vacuum.

In contrast, for NEA, the CBM is higher in energy and is now
situated above the vacuum level. Thus, any electrons in the CB
can escape barrierless into the vacuum level, emerging with
a signicant kinetic energy value of a few eV, equal to the NEA
(Fig. 5(b)).

Because the (100) and (111) diamond samples are both p-
type doped in this study, EF is pinned close to the VBM with an
energy difference of 0.29 eV and 0.37 eV, respectively (see the
XPS section above), while the CB and VB are bent downwards at
the surface, giving ‘true’ NEA, as shown in Fig. 5(c). However, if
the downward band bending is signicant, p-type diamond is
unsuitable at the outset because of the necessity for electrons to
overcome the large band gap to enter the CB. Thus, the energies
required to excite and emit electrons may become achievable at
moderate temperatures.7

For UPS analysis, the two H-terminated (100) and (111)
samples were analysed rst as benchmarks, as with the previous
LEED and XPS studies, and compared with UPS spectra from
the broader literature.25,30,47,48 The typical high-intensity peak
emerging beside the CBM is found to originate from emitted
electrons, as observed for both H-terminated (100) and (111)
diamond, exhibiting characteristic features of an NEA surface
(Fig. S8†). The measured EA values for these two hydrogenated
surfaces were −1.28 eV and −0.96 eV, respectively, in excellent
agreement with our DFT simulations andWFmaps produced by
EF-PEEM scans in this work (Table 1 and Fig. S9 in the ESI†) and
those from previous experimental studies.25,43,47,48 For brevity,
this paper focuses mainly on UPS and EF-PEEM results from the
(100) diamond sample. However, the corresponding results and
data for (111) diamond can be found in the ESI.†

Fig. 6(a) is a UPS spectrum displaying the energy distribution
of inelastically scattered electrons (i.e. secondary electrons) for
the (100) diamond sample, subdivided into four regions of
interest, labelled I–IV. The lower and higher energy regions of
the UPS spectra acquired aer each sample preparation step are
predominantly represented by the VB and CB states, respec-
tively. Therefore, the VBM position (EVBM) is determined by
linear extrapolation relative to EF of the curve in region I, as
depicted in Fig. 6(b). Regions II and III correspond to s states
from the bulk diamond at 8 eV and 10 eV, respectively, as
described earlier.32,49 Notably, with the addition of Sc and aer
the following annealing steps, these two peaks gradually moved
to higher energy by ∼0.3 eV. Moreover, the photoemission
intensity continually decreased from bare (100) diamond to
annealed ‘activated’ Sc-terminated surfaces, while the EA values
became more negative, suggesting a smooth transition to NEA.

The intense signal from secondary electrons is detected as
a tail just above the CBM for the thermally ‘activated’ surfaces
due to a higher electron density in the CB, implying inelastic
electron–electron scattering during emission.50 The peak
This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Region-selected UPS spectra at various stages of sample preparation (e.g. bare diamond, after the stages of 0.25 ML Sc deposition and in
vacuo annealing up to 900 °C) on the diamond (100) surfaces. (a) UPS spectra labelled with four regions of interest. The regions labelled I and IV
are depicted with red and blue rectangles, respectively. Corresponding magnified panels define the (b) VBM and (c) cut-off energy relative to the
Fermi level, respectively. UPS spectra for the corresponding (111) diamond sample are provided in the ESI (Fig. S10).†
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intensity aer the 900 °C annealing stretches up to 1.45 eV
below the CBM prior to reaching the vacuum energy at zero (see
the electronic band structure for ‘true’ NEA in Fig. 6(c)). As
a result, the electron emission below the CBM results from
within the band gap regions, assigned to surface emissions
owing to evanescent waves at the metal–vacuum interface.51 For
both (100) and (111) surfaces, the peaks are more pronounced
with each annealing step, with increasing cut-off energies in
region IV, as depicted in Fig. 6(c). It is important to highlight
that the most intense secondary-electron emission (SEE) peak
for the (100) surface aer 900 °C annealing was slightly higher
than that for the hydrogenated (100) surface (see Fig. S8 in the
This journal is © The Royal Society of Chemistry 2023
ESI†) and more than twice the height of the peak from the (111)
surface (Fig. S10 in the ESI†).

Fig. 6(c) provides information on the cut-off energy aer
each step of the sample preparation. The difference between the
energy of the He(I) photon source (21.22 eV) and the cut-off
energy is therefore dened as the WF, f, for the surface of
interest (in this case, for PEA surfaces) from the UPS study.
Using the energy difference between EF and EVBM within the UPS
spectrum, the EA, c, is therefore calculated from

c = f + (EF − EVBM) − Eg (1)

where Eg is the experimental band gap of diamond (5.47 eV).
J. Mater. Chem. A, 2023, 11, 13432–13445 | 13441
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Fig. 7 Colour-coded WF maps at various stages of the sample preparation ((a) 0.25 ML Sc-terminated bare (100) diamond, and annealing at (b)
RT, (c) 300 °C, (d) 500 °C, (e) 700 °C and (f) 900 °C). The field of view for all WF maps is 37.5 mm.
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However, for NEA surfaces, the presence of an extra peak for
SEE complicates the direct determination of the WF by the
conventional UPS method. Therefore, other surface-sensitive
techniques like EF-PEEM are preferred for this measurement.
To do so, real-space WF acquisitions across the surface were
constructed into a map through a pixel-by-pixel selection of EF-
PEEM images in an area of interest. For each pixel of the image,
the photoemission threshold, I, is determined using the eqn
(2):52

I ¼ Imax

2
erfc

�
f� ðE � EFÞ

s
ffiffiffi
2

p
�
þ Ioff (2)

where EF is the Fermi energy, Imax is the maximum intensity of
each pixel, Ioff is the intensity offset, f is the average WF and s is
the standard deviation of the Gaussian distribution resulting
from the energy broadening.
Table 2 Calculated and measured magnitudes of electron affinity c, for
(111) surfaces (following 900 °C annealing), compared with previous stu

Diamond DFT com

(2 × 1)-(100):H −1.68
−1.94a

(1 × 1)-(111):H −1.51
−2.00a

(2 × 1)-(100) 0.48
0.65a

(2 × 1)-(111) 0.42
0.35a

(2 × 1)-(100):0.25 ML Sc aer annealing at 900 °C −1.97
−3.02a

(2 × 1)-(111):0.25 ML Sc aer annealing at 900 °C −1.47

a The calculated values are for undoped diamond surfaces.

13442 | J. Mater. Chem. A, 2023, 11, 13432–13445
The average WF values from colour-coded WF maps for the
diamond (100) surface are shown in Fig. 7. Compared to UPS
scans, averaging the WF across the surface of both single-crystal
samples provides only approximate values. This is likely due to
scanning over a few dozen mm surface area by EF-PEEM. The
discrepancy in experimental results between these two methods
is up to 3.7%, which suggests that the measured values are
reasonably consistent. The determined WF values using two
different techniques (i.e. UPS and EF-PEEM) are compared in
Table 1 alongside the VBM. The position of the VBM, which is
a necessary input for the calculation of EA through eqn (1), was
also derived from two techniques: Maier's method (see the XPS
section) and linear extrapolation from the UPS spectra.

A gradual decrease from a value of ∼5.13 ± 0.02 eV for bare
diamond to 3.28 ± 0.02 eV following the nal annealing of the
0.25 ML Sc-terminated diamond (100) at 900 °C, respectively,
occurs as illustrated in Fig. 7(a)–(f). Unlike metal adsorbates on
the hydrogenated, bare and 0.25 ML Sc-terminated diamond (100) and
dies

puted c, eV Measured c, eV Source

−1.28 This study
−1.30 23 and 43
−0.96 This study
−0.90 25 and 53
0.53 This study
0.50 23 and 54
0.68 This study
0.50 53 and 54
−1.45 This study
— 23
−1.13 This study

This journal is © The Royal Society of Chemistry 2023
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oxygenated diamond reported previously,10,11 the exceptional
quality of theseWFmaps indicates a remarkably highly uniform
surface without 2D islands or 3D clusters of Sc, in agreement
with our DFT predictions.23 Such uniform surface properties
obtained from Sc-adsorbed bare diamond surpass those from
the hydrogenated surface, producing a high SEE yield useful for
numerous electron-emission devices. The corresponding WF
maps for Sc-terminated (111) diamond are given in Fig. S11 in
the ESI† and show a similar decrease in WF from ∼5.18 ±

0.02 eV to 3.58 ± 0.02 eV under the same conditions.
DFT calculated and experimentally determined EA values for

the bare, hydrogenated and 0.25 ML Sc-terminated diamond
(100) and (111) surfaces are summarised in Table 2, and
compared with those from other theoretical and experimental
work. Theoretical calculation of EA values was performed as
previously described by our group.23 Although all computed EA
magnitudes are considerably higher than their corresponding
experimental values for both (100) and (111) surfaces, the
substitutional B-doped structures clearly possess a downward
band-bending, providing predicted DFT values that are closer to
the experimental ones than those from undoped diamond
calculations.23

The most negative EA value for 0.25 ML Sc on the bare dia-
mond (100) surface is determined from the UPS analysis, using
eqn (1), to be −1.45 eV. To the best of our knowledge, this is the
largest NEA value for any metal–diamond surface studied to
date. In contrast, for the 0.25 ML Sc-adsorbed bare diamond
(111) surface, the experimental EA value is measured to be
−1.13 eV. This value is slightly higher than that of the hydro-
genated diamond (111) surface, however, unlike the latter, the
Sc-terminated sample remains stable throughout the annealing
steps at elevated temperatures up to 900 °C, providing a highly
ordered uniform surface, as shown by the WF maps (see Fig. 7).
4. Conclusion

We carried out an experimental study of EA and WF for 0.25 ML
Sc-terminated bare diamond with two different crystal (100) and
(111) orientations. A three-step UHV process was used to
prepare the samples, starting with the high-temperature
desorption of H atoms from the hydrogenated diamond
surface to produce bare diamond, followed by Sc deposition at
room temperature, and nally thermal annealing up to 900 °C.
Analysis of these Sc–diamond (100) and (111) samples with UPS
and EF-PEEM revealed the most negative EA values yet
measured for a metal–diamond system of −1.45 eV and
−1.13 eV, respectively. The corresponding WF values by UPS for
these two surfaces were 3.22 eV and 3.52 eV, while the EF-PEEM
maps showed the surface electronic properties to be homoge-
neous and uniform over a scale of a few dozen mm.

For comparison, the electronic and structural properties of
these two Sc-terminated diamond (100) and (111) surfaces were
calculated using ab initio DFT modelling, which predicted
slightly higher EA values of−1.97 eV and−1.47 eV, respectively.
This is probably due to limitations in the DFT modelling, such
as underestimation of the band gap (a well-known problem with
This journal is © The Royal Society of Chemistry 2023
GGA functionals) or the inaccuracy of representing p-type
doping by B atoms being added to the model diamond stack.

In addition to the large NEA and small WF values for these
Sc-terminated surfaces, the important nding is that these
properties did not degrade aer annealing at temperatures up
to 900 °C. Thus, we suggest that these 0.25 ML Sc-terminated
bare diamond (100) and (111) surfaces are possibly the most
promising system reported so far for electron emission from
diamond, affording a high electron-emission yield at low
temperatures (∼500 °C) without degrading during use, and
which are compatible with commercial TECs for solar power
applications. Further work on and optimisation of this Sc–dia-
mond system, for example, with respect to different coverages
(half ML or full ML), annealing temperatures or durations,
could be done to improve the NEA and WF further. Also, for
optimal electron emission, the use of an n-doped diamond
substrate might aid the transfer of electrons into the VB.
Data availability

Further details of these calculations can be found in the ESI.†
The raw data for these experiments can be found in the
University of Bristol data repository, data.bris, at https://doi.org/
10.5523/bris.2siu0761brbd2apr1cuw010.
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