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1. Introduction

The superlative properties of diamond,
together with its ability to form a negative
electron affinity (NEA) surface, are of
interest for numerous electron-emission
applications,[1] such as photodiodes,[2]

electron sources,[3] secondary-electron-
emission devices,[4] and thermionic energy
conversion.[5] Similarly, low-work-function
diamond devices have potential for applica-
tions such as photoelectrochemical CO2

conversion.[6]

In order for an electron to be emitted
from a metal surface, it must possess
sufficient kinetic energy to overcome the
potential barrier (or work function, ϕ,) sit-
uated at the surface�vacuum interface. For
semiconductors, the electrons reside in the

valence band (VB) and so require additional energy (equivalent to
that of the bandgap) to first excite them into the conduction band
(CB) before they can be emitted. The work function is defined
as the energy difference between the Fermi level (the electro-
chemical potential of electrons inside the material) and that of
the vacuum level and is typically a few eV for most metals
and semiconductors. Therefore, high-energy (e.g., UV) photons
or temperatures >1500 K are usually required to provide suffi-
cient energy for electron emission. For some semiconductors
and insulators, however, the work function can be greatly
reduced because in these materials, the conduction band mini-
mum (CBM) is higher in energy than the vacuum level. This sit-
uation is known as NEA. Here, electrons located in the CB have
no emission barrier to overcome to escape the surface. Bulk elec-
trons residing in the VB, or in mid-bandgap states because
of doping, only require enough energy (via photon absorption,
thermalization, or electric fields) to excite them into the CB
for emission to take place. Consequently, such NEA materials,
which include diamond, cubic boron nitride,[7] AlN, and
AlGaN,[8] are highly desirable for next-generation electron-emis-
sion applications. Because these are all wide-bandgap materials,
the advantages of NEAmight be outweighed by the high energies
needed to excite electrons from the VB into the CB. However,
this problem can be reduced if the NEA is sufficiently large
and negative, i.e., has a value approaching that of the bandgap,
and also by using suitable doping strategies, especially n-type,
that raise the Fermi level and decrease the effective bandgap.[1]
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Three different procedures are used to deposit aluminium onto O-terminated
(100) and (111) boron-doped diamond, with the aim of producing a thermally
stable surface with low work function and negative electron affinity. The methods
are 1) deposition of a> 20 nm film of Al by high-vacuum evaporation followed by
HCl acid wash to remove excess metallic Al, 2) deposition of<3 Å of Al by atomic
layer deposition, and 3) thin-film deposition of Al by electron beam evaporation.
The surface structure, work function, and electron affinity are investigated after
annealing at temperatures of 300, 600, and 800 �C. Except for loss of excess O
upon first heating, the AlþO surfaces remain stable up to 800 �C. The electron
affinity values are generally between 0.0 and �1.0 eV, and the work function is
generally 4.5� 0.5 eV, depending upon the deposition method, coverage, and
annealing temperature. The values are in broad agreement with those predicted
by computer simulations of AlþO (sub)monolayers on a diamond surface.
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In the case of diamond, to form an NEA surface it is necessary
to terminate the diamond surface with atoms or groups of atoms
that are electropositive relative to the bulk material, forming an
electric dipole perpendicular to the surface, with positive charge
outermost.[9] For diamond, H termination gives an NEA for
each of the (100), (111), and (110) surfaces.[10–12] However,
H-terminated diamond surfaces suffer from hydrogen desorp-
tion at elevated temperatures (≳700 �C).[13,14] This makes
H-terminated diamond problematic for use in high-temperature
applications, such as thermionic energy converters, and there-
fore there is an extensive ongoing search for alternative
diamond-termination schemes that provide high NEA while
remaining stable above 1000 K.[1]

The H-terminated diamond surface can be functionalized rel-
atively easily by modifying the C─Hbonds using a variety of stan-
dard wet chemistry and plasma techniques,[15] to produce new
NEA surfaces with improved emission behavior and thermal
stability. Previous experimental and computational studies of
NEA surfaces on diamond include the use of Group I and II
metals[16–19] and first-row transition metals (TMs)[20–24] as the
electropositive species, with monolayer (ML) or sub-ML coverage
on bare or oxidized diamond surfaces. Group I elements have
long been known to exhibit NEA characteristics on diamond;
however, larger adsorbed Group I elements have low thermal
stability, which limits their usefulness at higher temperatures.
For example, despite an extremely low work function of
�1.5 eV, CsO-terminated diamond loses Cs through desorption
above �400 �C; hence, the NEA is lost.[16] Recent computational
and experimental work has focused upon elements that can
provide a more robust surface in addition to NEA, especially
smaller Group I and II metals, such as Li and Mg,[25–28] as well
as various first-row TMs, including Cu, Ni, Ti, and Zn.[23,28]

Results suggest that for metals deposited directly onto the dia-
mond surface, carbide-forming TMs give a larger NEA.
However, many elements do not readily form bonds with carbon,
whereas others prefer bonding to oxygen and so the metal layer
rapidly oxidizes on exposure to air. Some of these problems asso-
ciated with the metal�diamond system can be overcome by
depositing the metal onto an already oxidized diamond surface.[25]

While it may appear counterintuitive to surface terminate with
electronegative oxygen, provided a sufficiently electropositive
metal is bonded on top of the oxygen layer, the overall combination
can produce a net NEA. Other diamond terminations, such as
Si, Ge, metal nitrides, amines, and OH groups, have also been
studied, with varying degrees of success, all reviewed in the study
by James et al.[1]

To date, aluminium on the diamond surface has been
rarely studied for its NEA properties, even though Al forms a
carbide and bonds sufficiently well to a diamond surface to
act as either Schottky or ohmic contacts for diamond-based
devices.[29] Al2O3 layers on diamond are candidates for device
interfaces in metal�oxide�semiconductor field-effect transistors
(MOSFETs)[30] and capacitors (MOSCAPs)[31] and additionally
for passivation of the p-type conductive surface on H-terminated
diamond resulting from surface transfer doping.[32] However,
these layers are typically much thicker than the sub- or few
MLs required to give NEA.

The Al�O�diamond system has recently been studied com-
putationally on both the (100) and (111) diamond surfaces.[33–35]

Al adsorption onto O-terminated diamond was predicted to give
large adsorption energies (from �6.0 to �7.3 eV) on both (100)
and (111) diamond at 0.25 ML Al coverage due to the strong
ionic bond between Al and O, as well as NEA values as large
as ��2.2 eV. However, at higher coverages, some Al─Al
metallic bonding occurs, making Al less ionic and the surfaces
mostly of positive electron affinity (PEA). Adsorption energies
decreased with increasing Al coverage, which help avoid island
formation of the metal on the surface. Another study of differ-
ent Al:O ratios on diamond also calculated some of them to
exhibit NEA but with similar adsorption energy with respect
to bulk Al2O3.

[36]

In this article, we report experimental results from the
Al�O�diamond system, including measurements of work func-
tion and EA from different diamond surfaces, coverages, and
preparation procedures.

2. Experimental Section

Polycrystalline boron-doped diamond (BDD) samples of
10� 10mm2 were used in preliminary experiments to explore
the effectiveness of the thick-film Al deposition process (see
Section 2.3). BDD is required to make the surface conductive
and prevent surface-charging effects during characterization pro-
cedures that rely on electron emission from the sample, such as
X-ray photoemission spectroscopy (XPS). Conducting n-type sili-
con (100) substrates (Si-Mat, e.K.) were seeded with 1–5 nm
nanodiamond using an electrospray procedure, as detailed in
the study by Fox et al.[37] A BDD layer was then grown on this
to a thickness of �1 μm using a standard hot-filament chemical
vapor deposition (CVD) system. 1% CH4/H2 plus 40 ppm of
B2H6 (relative to H2) was used as the process gas mixture at a
total gas flow of 200 sccm and a process pressure of 20 torr.
The substrates were placed on a heated substrate holder of
�4mm beneath three tantalum filaments inside a vacuum
chamber. Typically, 25 A was passed through the filaments to
bring them to a temperature of �2100 K (measured by a two-
color optical pyrometer). Radiative heat from these filaments,
plus additional heating from the substrate heater, maintained
the substrate at a temperature of �850 �C for the duration of
deposition (typically 1–3 h). BDD overlayers grown in the same
reactor under the same conditions has previously been shown[38]

to contain a boron concentration of up to �1020 cm�3, measured
from a depth profile using secondary-ion mass spectroscopy,
making them of near-metallic conductivity.

For more detailed experiments, single-crystal diamond sub-
strates were purchased from Element Six, Ltd (Ascot, UK).
These included square, CVD-grown, undoped (100) substrates
(product code: 145-500-0248) with a surface polished to an aver-
age roughness of �3.9 nm (as measured by atomic force micros-
copy), and a side-length of 3 mm, and undoped triangular
(111) substrates (product code: MM 111/4010) grown by the
high-pressure high-temperature (HPHT) method with a surface
polished to 20.1 nm roughness and a side length of 4 mm. A con-
ducting BDD overlayer (�1 μm) was grown homoepitaxially on
these crystals using hot-filament CVD to make the surface con-
ductive, as described earlier.
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2.1. Cleaning and Hydrogen Termination

Diamond surfaces were cleaned by refluxing in an acid solution
(6.5 g KNO3 in 100ml of 95% H2SO4) for 6 h to remove particu-
late residues that were left over from the polishing process. The
diamond samples were then rinsed thoroughly with deionized
water. To ensure all samples started out with identical fully
hydrogenated surfaces, the cleaned diamond substrates were
placed into a microwave CVD reactor and a hydrogen plasma
was used to rehydrogenate the surface in a multistep process,
as described in the study by Wan et al.[39]

2.2. Oxygen Termination

Two different methods were used to convert the H-terminated
diamond into oxygen termination: UV/ozone treatment or oxida-
tion using an atomic layer deposition (ALD) system. In each case,
the oxidation times and process conditions were chosen to maxi-
mize oxygen coverage on the surface. For UV/ozone treatment,
diamond samples were positioned �4 cm below a mercury lamp
in a Jelight UVO cleaner. Air was passed over the samples, which
were illuminated with 256 nm UV light at room temperature and
pressure for 30min.

The ALD oxidation procedure was conducted at the
University of Aveiro in Portugal using H2O (Milli-Q ultrapure
water) as an oxidizing species. Details of the ALD chamber
have been published previously.[40] For the oxidation proce-
dure, samples were first heated to 200 �C at 400 mtorr for
20 min in flowing dry N2 gas (20 sccm) to desorb any unwanted
adsorbates. Oxidation was conducted by introducing into the
chamber a set number of pulses of H2O (pulse time length
of 2 s) and pumping this out after a fixed time. Two oxidation
recipes were tested, a short one (one pulse of H2O for 1 min)
and a long one (two pulses for 5 min). Subsequently, the tem-
perature of the ALD chamber was increased to 300 ºC for the
heat treatment of the samples for a period of 1 h under vacuum.
The samples were then cooled down to room temperature in N2

atmosphere.

2.3. Aluminium Deposition

Three methods were used to deposit aluminium onto the oxi-
dized diamond samples: high-vacuum thermal evaporation,
ultrahigh vacuum (UHV) electron beam evaporation, and
ALD. Figure 1a shows the so-called thick-film process, which
involves the thermal evaporation of Al in a high-vacuum cham-
ber for a fixed time, resulting in deposition of over 20 nm of Al.
Samples were then thermally annealed at 300 �C for 1 h at a pres-
sure of 10�8 mbar to encourage covalent bonding between Al and
the oxidized diamond surface. The sample was then washed in
0.1 M HCl(aq.) for 20 h to remove any excess Al that had not
chemically bonded to the surface O layer. This process is similar
to the one reported by O’Donnell et al.[27] to produce LiO-termi-
nated diamond samples and in a preliminary study investigating
NEA from Ti, Cr, and Al layers on oxidized polycrystalline dia-
mond.[41] A drawback to this method is that the sample must be
transferred from the evaporation system to the UHV analysis
chamber, with the possibility of contamination or modification
of the surface by exposure to ambient air.

The thin-film method (Figure 1b) has been used previously to
prepare LiO-,[27] MgO-,[28] VO-,[42] and Si- and Ge-terminated dia-
mond.[43,44] It involves the electron beam deposition of a thin
(ML or sub-ML) metal layer under UHV followed by an
in situ anneal at a temperature of at least 600 �C. The anneal cre-
ates a strong covalent bond between the oxygen or carbon surface
atoms and any adjacent overlying metal atoms, while any excess,
unbonded metal thermally desorbs and is pumped away. An
advantage of this method is that the metal layer can be deposited
in the same vacuum system as the analysis. This makes sequen-
tial deposition, annealing and analysis steps possible without
breaking vacuum.

To calibrate one ML of Al deposition onto diamond, it was cal-
culated that the deposition of 2.34 Å of Al is equal to one ML as
this is the separation between the (111) planes in bulk Al. This
was checked against the Al atomic percentage measured using
XPS using Al-terminated (100) and (111) single-crystal diamond
samples. These samples were first heated to 950 �C for 10min in
UHV, and XPS confirmed that after this procedure, no signal

Figure 1. a) The thick-film method deposits a thick metal layer onto O-terminated diamond, and excess metal is washed off, leaving a (sub)monolayer of
metal chemically attached to the surface. b) The thin-film method deposits a (sub)monolayer of metal that is “activated” by thermal annealing.
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from elements other than carbon was obtained from the surface,
within the detection limit for the XPS system (�1%). Al was then
e-beam deposited onto these samples, without breaking vacuum.
After deposition of one ML of Al, the relative atomic percentages
of Al were measured by XPS to be 6.3% and 6.5% for the (100)
and (111) surfaces, respectively. This was in excellent agreement
with our previously calculated value for one ML of Al on a (1� 1)
oxygen surface reconstruction on diamond.

The final technique to deposit thin layers of Al onto
O-terminated diamondwas ALD, again conducted at the University
of Aveiro in Portugal. Samples of oxygen-terminated diamond
were prepared in one of the two ways mentioned in Section 2.2
and were placed into the ALD chamber, which was pumped out,
and the sample surface was heated to 200 �C and outgassed as
before in dry N2. With the samples remaining at 200 �C, one
pulse of gaseous trimethylaluminium (Al(CH3)3, 97% from
Sigma Aldrich) was introduced (pulse time length of 2 s) and
pumped away after 1 min. After deposition, the samples were
annealed at 300 �C under vacuum for 1 h to react Al with the
O-terminated diamond and then cooled down to room tempera-
ture in N2 atmosphere following the same approach as the ALD
oxidation procedure. This annealing process was conducted to
reduce the surface reactivity with ambient air, thereby allowing
the samples to be sent to the UK (a period of �1 week).

2.4. Film Analysis

Scanning electron microscopy (SEM) images were obtained
using a JEOL JSM IT-300 microscope. The BDD layer deposited
on the surface of the diamondmade them sufficiently conductive
to prevent charging effects under the electron beam.

Photoemission spectroscopy and surface diffraction film char-
acterization were conducted at the Bristol University NanoESCA
II Facility. XPS was used to obtain the elemental composition of
the first few atomic layers of the samples. The relative amounts of
each element, and their atomic percentage coverage, were deter-
mined via calibration using the peak area for each element and
its sensitivity factor (available from XPS literature[45]). A mono-
chromatic Al Kα X-ray source (1486.7 eV) was used, with an over-
all energy resolution of 600meV at a pass energy of 20 eV. The
XPS binding energy scale was calibrated by aligning the Au 4f7/2
peak to 84.0 eV using a polycrystalline gold film.

Ultraviolet photoelectron spectroscopy (UPS) was used to study
the valance band electrons. A UPS spectrum typically shows a
large peak at high binding energy from secondary-electron emis-
sion. Other peaks give information on the electron density of
states. NEA can be observed by the presence of an additional sec-
ondary-electron emission peak component at a higher binding
energy, arising from the additional secondary-electron population
exceeding the vacuum energy.[39] This is possible as real surfaces
contain some mid-bandgap states just below the CB for the elec-
trons to occupy. The work function, ϕ, was calculated from the
difference between the photon energy and the emission onset
for PEA surfaces. UPS was also used to determine the difference
between EF and the energy of the valence band maximum, EVBM.
This allows the EA, χ, to be approximated from

χ ¼ ϕþ ðEF � EVBMÞ � Eg (1)

where Eg is the bandgap of the material.
Region-selected UPS was conducted using energy-filtered

photoemission electron microscopy (EF-PEEM) with a mono-
chromatized He�I light source (21.2 eV) in the NanoESCA II
system. Photoemitted electrons were filtered by kinetic energy
in the first hemisphere of an imaging double-hemisphere energy
analyzer, and the signal was amplified using a Channeltron. The
energy resolution of this technique was 0.14 eV. An iris allowed
UPS to be conducted on a region of interest of area �200 μm2.

EF-PEEM was also used to extract a map of the work function
across a sample surface. As in UPS, photonexcitation emits
electrons from the substrate under UHV, and the emitted elec-
trons are energy filtered using an imaging double-hemisphere
energy analyzer. For EF-PEEM, images were obtained for
successive energies, allowing the work function at different
locations to be visualized as a color-coded map, with an energy
resolution of 0.14 eV and a spatial resolution of �150 nm. The
UV light source was the same monochromatic He�I lamp used
for UPS. Photoelectrons were extracted from the sample by
applying a bias of 7–12 kV across the sample-to-extractor elec-
trode distance of �1.8 mm. Lower extraction voltages were
sometimes required to prevent sudden field-induced electron
discharge from the sample due to localized surface-charging
effects. The work function values were then corrected for the
Schottky effect of 98 meV, resulting from the high PEEM extrac-
tor field.[46]

Spot profile analysis low-energy electron diffraction (SPA-
LEED) was also used to study the surface structure and crystal-
linity of the diamond samples. The SPA-LEED system used
170 eV electrons and a Channeltron detector.

To ensure that the measurements in this work originated from
AlO-terminated diamond and not from the Al layers, the same
experimental procedures were previously used to study bare,
H-terminated, and O-terminated diamond as reference or control
samples. These results can be found in the study by James.[33]

3. Results

3.1. Thick-Film AlþO Diamond Preparation

Preliminary experiments to confirm the efficacy of the thick-film
process (Section 2.3) were conducted using two polycrystalline
BDD samples that were previously surface oxidized using the
UV/ozone method (Section 2.2). Al was deposited on these,
and one sample was annealed in high vacuum at 300 �C for
1 h after Al deposition, whereas the other sample was not
annealed. Post-deposition, the presence of Al was clearly visible
as a shiny metallic coating on the surface of both samples. After
1 h of acid etching, the metallic surface looked less uniform, and
after 20 h, no trace of the metallic surface remained visible to the
naked eye on either sample. SEM analysis (see Figure S1,
Supporting Information) showed that the surface appearance
after acid treatment was indistinguishable from that of the as-
grown oxidized sample, suggesting that excess Al was cleaned
from the surface.

The presence of an Al peak in XPS confirmed that some Al
remained on the surface after acid cleaning, although the thick-
ness of the Al layer was unknown. We can estimate, however,
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that the Al thickness must be between a ML and �10 nm, which
is the resolution of the SEM used to image the facets in Figure S1
(Supporting Information). Figure 2 shows the XPS analysis of
the Al 2p peak for the annealed and unannealed AlþO-termi-
nated diamond samples. The Al 2p peak has a small spin�orbit
splitting (<0.5 eV) and so appears as a single peak within the
resolution of the XPS instrument. The presence of the Al 2p peak
in both instances indicates that some Al remains on the surface
after the cleaning procedure and that the AlþO termination is
both air and water stable, even with no annealing. For both spec-
tra there are two Al 2p environments; the lower binding-energy
peak at 72.0 eV is attributed to metallic Al and the higher bind-
ing-energy peak at 74.5 eV to oxidized Al.[47] There is a significant
decrease of the metallic component with annealing, suggesting
that annealing increased the aluminium�oxygen bonding and/
or removed some more unbonded excess Al. A further sample
was prepared using the same thick-film procedure, except that
half of the sample was masked such that Al was deposited only
on the exposed half. XPS spectra of the two sides of the surface
showed that Al was only present on the side where deposition
had occurred. This indicated that Al did not migrate during
the acid-washing step.

Following the successful creation of an AlþO termination by
the thick-film process on polycrystalline diamond, next, the prop-
erties of AlþO termination on single-crystal diamond (100) and
(111) surfaces were studied in more detail. The AlþO termina-
tions were prepared in the samemanner as described earlier, and
both samples were fully characterized after annealing for 10min
under UHV conditions at three different temperatures. The low-
est temperature, 300 �C, was the temperature used for sample
degassing upon introduction to the UHV system. Higher anneal-
ing temperatures of 600 �C and 800 �C were selected as they can
give an indication of the change in surface characteristics within
the expected temperature range for thermionic emission.

Figure 3 shows normalized XPS spectra of the C 1s, O 1s, and
Al 2p peaks for (100) and (111) single-crystal diamond surfaces at
each annealing temperature. The oxidized C 1s peak comprises
bulk and surface C─C bonding component peaks, plus C─O and
C═O component peaks at higher binding energies.[31,48,49] The O

1s peak is expected to be a complex combination of the ether,
ketone, and hydroxyl peaks[50] in addition to an Al�O peak.
An Al�O component peak would be expected at a similar bind-
ing energy to the hydroxyl peak (�531.0 eV).[47]

The C 1s peak did not notably change in shape for the (100)
sample, but there was a decrease in the C─O and C═O compo-
nents of the C 1s peak between the 300 and 600 �C annealing for
the (111) sample (Figure 3b). None of the C 1s peaks here or
later contained a carbide component, which would have been
observed at a binding energy of �282 eV.[47] The O 1s peak
for the (100) sample showed a relatively large increase in a
low binding-energy component with temperature (Figure 3c);
this is attributed to an increase in the Al�O component peak.

For both the (100) and (111) samples, the Al 2p peak was cen-
tered at �74.5 eV, indicating that Al was coordinated with
bonded oxygen (Figure 3e–f ). There was a slight metallic Al com-
ponent at a lower binding energy for the (100) sample, �20% of
the total peak area at each temperature, like that seen in the poly-
crystalline samples. No metallic Al peak was observed for the
(111) sample.

With increasing annealing temperature, both samples showed
a slight shift of all three peaks to higher binding energies. This
could be due to increasing downward band bending at the sur-
face, caused by a change in surface states.[51]

Quantitative surface composition was determined using prior
calibration of the XPS sensitivity for the elements concerned (see
Section 2.4). The total amount of Al was similar between the two
samples, just over 1%, and this value remained constant at all
annealing temperatures, suggesting that Al was strongly bonded
to the surface. The O atomic percentage was 6–7% for the (100)
surface, which is equivalent to 1ML coverage for O-terminated
diamond, suggesting that Al is present at sub-ML coverage here.
For the (111) surface, the O percentage was 14�16%, larger than
expected, and this was attributed to additional O bonded to Al,
possibly from air or water exposure. This C─O─Al─O bonding
arrangement would be expected to have a detrimental effect by
increasing the work function and EA as it would form an addi-
tional dipole with negative charge outermost from the surface.
The atomic percentage of O on both surfaces did not show

Figure 2. XPS spectra of the Al 2p peak for the two polycrystalline AlþO-terminated BDD samples. a) Unannealed sample and b) annealed sample, both
prepared by the thick-film process.
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any obvious trend with temperature, meaning that O was also
strongly bonded to the surface.

The work function across the surface was measured after each
of the annealing steps. Shown in Figure 4 are work function
maps for both the (100) and (111) surfaces, and the values are
shown in Table 1. Starting with the (100) surface, after the
300 �C anneal, the work function was just under 4.7 eV and

was relatively uniform across the surface, except for a few regions
where it was just below 4.0 eV. After the 600 �C anneal, the work
function decreased between 3.7 and 4.3 eV. After the 800 �C
anneal, there was a relatively constant work function between
4.0 and 4.2 eV across the surface. The (111) surface, meanwhile,
exhibited the lowest work function after the 300 �C anneal, with a
relatively uniform value of �4.1 eV. This increased to between

Figure 3. XPS spectra of a,b) C 1s, c,d) O 1s, and e,f ) Al 2p peaks at different annealing temperatures for thick-film-prepared AlþO-terminated diamond.
(a), (c), (e) are from the (100) surface, and (b), (d), (f ) are from the (111) surface. The peak heights have all been normalized to the same maximum
intensity.
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4.2 and 4.6 eV after the 600 �C anneal, with a similar range of
4.2–4.5 eV observed after the 800 �C anneal.

Shown in Figure 5 are UPS spectra obtained after the 300 �C
high-vacuum anneal. Here and later, the spectra were acquired
from the lowest-work-function regions and were normalized
by intensity of the valence band structure. Inset in the figure
shows a magnified plot showing the fitting used to determine
the energy of the valence band maximum, EVBM, relative to
the Fermi energy, EF. The work function is determined by the
difference between the UV photon energy and the onset of
emission.

The secondary emission peak for the (100) sample was four
times the height of that of the (111) sample. The (100) sample
had a slightly more negative EA, calculated, using Equation (1),
to be �0.5 eV compared with �0.4 eV for the (111) sample.
Acquiring UPS spectra in different regions of the surface showed
that EF� EVBM remained relatively constant. As such, most of the
(100) surface (which showed a larger work function) exhibited a
PEA of 0.3 eV.

UPS spectra were not obtained after higher-temperature
anneals, but the EA values were still calculated from the work
function maps by using the change in C 1s peak position from
XPS to determine EF� EVBM,

[52] and are shown in Table 1.

3.2. Thin-Film AlþO Termination by ALD

Two BDD films were oxidized by the ALD technique (see
Section 2.2) by introducing either one or two pulses of H2O for
1min. Al was deposited on these samples by ALD (Section 2.3);
then, the samples were annealed for 1 h at 300, 600, and 800 �C, as
earlier. The first sample was (100) diamond, and XPS analysis
showed that the Al and O coverages were 0.6–1.0% and
1.6–2.0%, respectively, both of which remained roughly constant
with temperature. Because this O coverage was lower than optimal
(1 ML), the second sample, now of (111) diamond, had two pulses
of H2O compared with one for the previous (100) sample. XPS
of this (111) film showed that the O coverage now increased to
a relatively high value of 15.0% at 300 �C, which decreased to
�8.0% by 600 �C, probably due to desorption of some excess
oxygen. The corresponding Al coverage remained constant across
the temperature range at�4%. Analysis of the XPS C 1s, O 1s, and

Figure 4. Color-coded work-function maps of AlþO-terminated diamond
prepared by the thick-film procedure, after annealing at a,b) 300 �C,
c,d) 600 �C, and e,f ) 800 �C. (a), (c), and (e) show the (100) surface,
whereas (b), (d), and (f ) show the (111) surface.

Table 1. Work-function values and electron affinities measured for the (100) and (111) diamond surfaces prepared using the three different methods: the
thick-film method, thin-film electron beam evaporation, and ALD. The range of values given in each case gives an indication of the uniformity across the
sample. No measurements were made for the ALD-prepared (100) samples annealed at 600 and 800 �C due to excessive charging in the XPS, the reason
for which is unknown.

Preparation Surface Work function [eV] Electron affinity [eV]

Annealing temperature [�C] Annealing temperature [�C]

300 600 800 300 600 800

Thick film (100) 4.0–4.7 3.7–4.3 4.0–4.2 From �0.5 to þ0.3 From �0.4 to þ0.2 From �0.1 to þ0.1

Thick film (111) 4.1 4.2–4.6 4.2–4.5 From �0.4 to 0.0 From �0.4 to 0.0 From �0.3 to 0.0

ALD (100) 3.9–4.0 – – �0.9 – –

ALD (111) 3.8 4.1 4.0–4.6 �0.8 �0.7 From �0.5 to �0.1

e-beam (100) 4.0–4.8 3.5–4.1 4.3–5.0 From �0.1 to þ0.7 From �1.8 to �1.3 From �0.3 to þ0.4

e-beam (111) 4.1–5.2 4.1–4.7 4.1–5.0 From �0.4 to þ0.7 From �0.7 to �0.1 From �0.8 to þ0.1
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Al 2p peak shapes after annealing at the three temperatures
showed that the peaks followed similar behavior to those for
the thick film samples, as shown previously in Figure 3.

The work function after the three annealing temperatures was
measured for both samples, see Table 1, with the lowest values
being for the 300 �C anneal in both cases, as shown in Figure 6
(and also in Figure S2, Supporting Information).

Figure 7 shows UPS spectra for the (111) sample at each
annealing temperature. The highest secondary-electron emission
peak was observed after the 300 �C anneal. The calculated EA
values are shown in Table 1.

3.3. Thin-Film Deposition by Electron Beam Evaporation

While using ALD for the deposition of Al and O gave some prom-
ising results, there was little controllability or consistency in the

amount of O or Al on the surface. Thus, the UHV electron beam
evaporation technique (Section 2.3) was used to see if it would
make a more reliable alternative. AlþO terminations were
prepared by deposition of 0.25ML Al (0.59 Å) onto (100) and
(111) single-crystal diamond samples that were previously

Figure 5. UPS spectra (He I excitation at 21.2 eV photon energy) acquired
after a 300 �C anneal for AlþO-terminated (100) and (111) single-crystal
diamond prepared by the thick-film procedure. The analyzed region is
�200 μm2. Inset shows a magnified view of the fitting used to determine
the VBM energy relative to the Fermi energy.

Figure 6. Color-coded work-function maps of AlþO-terminated diamond
prepared by the ALD procedure after annealing at 300 �C for a) the (100)
surface and b) the (111) surface.

Figure 7. UPS spectra (He I, 21.1 eV photon energy) of AlþO-terminated
(111) diamond prepared with the ALD procedure after annealing at the
three temperatures.

Figure 8. Atomic percentages of surface O and Al for AlþO-terminated
a) (100) and b) (111) diamond prepared by electron beam evaporation.
For both O and Al, a surface coverage of �6 at% corresponds to one ML.
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O-terminated using the UV/ozone method (Section 2.2). This
was followed by annealing at 300, 600, or 800 �C for 1 h.

Figure 8 shows the relative atomic percentages of O and Al
immediately after Al deposition and annealing at successive tem-
peratures. There is a notable decrease in O atomic percentage for
both (100) and (111) surfaces after each annealing step. It is
unclear as to why the O desorbed so readily for these samples

but did not do so for the previous AlþO deposition methods.
The Al atomic percentage, meanwhile, remained relatively con-
stant in both cases, �1.0–1.4% (�0.17 ML) for the (100) surfaces
and �2.0–2.2% (�0.33 ML) for the (111) surface.

Normalized XPS spectra for the C 1s, O 1s, and Al 2p peaks are
shown in Figure 9. In both cases the Al 2p peak was centered
at �74.5 eV, indicating that Al was oxidized. For the (100) sample,

Figure 9. XPS spectra of a,b) C 1s, c,d) O 1s, and e,f ) Al 2p peaks at different annealing temperatures for AlþO-terminated diamond prepared by electron
beam evaporation. (a), (c), and (e) are from the (100) surface, whereas (b), (d), and (f ) are from the (111) surface.
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as previously observed, there was a large increase in the low-
binding-energy component peak in the O 1s spectrum (Figure 9c),
attributed to Al─O bonding. In this case, there was not an associ-
ated decrease in the C─O and C═O components of the C 1s peak.
There was, however, a shift of the Al 2p peak to slightly higher
binding energy after the 600 �C anneal, suggesting that here,
oxygen remained bonded to carbon and bonded more strongly
with Al. Each peak for the (111) sample, meanwhile, showed little
change with successive annealing steps.

Work-function maps of these surfaces at different annealing
temperatures are shown in Figure 10, and the values are shown
in Table 1. The maps show that the work-function values are uni-
form over most of the analyzed area, except for a few roughly
circular localized regions, where the work function is markedly
different. These regions are artifacts that arise from macro-3D
defects on the sample surface, such as scratches or hillocks.
EF-PEEM is very sensitive to 3D structures; “hills” and “valleys”

have very different emission probabilities due to the variation in
extraction field with distance, which appear on the work-function
maps as regions of apparently higher or lower work function.

Figure 11 shows UPS spectra for the two surfaces at the dif-
ferent annealing temperatures. The (100) surface showed a rela-
tively small secondary-electron emission peak after the 300 �C
anneal, increasing in height with successive annealing steps.
After the 600 �C annealing, the spectrum showed a broad mul-
ticomponent secondary-emission peak, and the Fermi level was
close to the VBM position. In contrast, the (111) surface showed
no variation of secondary-electron emission peak height. EA val-
ues for the two surfaces were determined from these spectra and
are shown in Table 1.

SPA-LEED was also conducted on selected samples to deter-
mine whether any surface ordering had occurred (see Figure S3,
Supporting Information). The quality of the electron beam depo-
sition was also proven by the appearance, after the 800 �C anneal,
of a faint (2� 1) LEED pattern on the (100) surface, as predicted
by computational experiments.[35] The (111) surface showed a
(1� 1) LEED pattern, consistent with computational calculations
that predicted this to be the most stable structure.[35]

4. Conclusion

Three different methods were used to deposit Al onto
O-terminated diamond, with the intention of producing a ther-
mally stable surface with low work function and NEA, with mea-
sured values shown in Table 1. Work-function maps indicated
that the thick-film method gave a relatively uniform work
function across the surface. This has previously been a problem
reported for other metal�oxygen terminations prepared by this
method[26] and so the better-than-expected uniformity here is
attributed to the mild conditions and long reaction time used
during the acid-wash step. NEAs were observed up to 800 �C,
and there was little change in the O and Al amounts and peak
shapes in XPS with increasing annealing temperatures.

The ALD-prepared samples showed particularly low work-
function values after the 300 �C anneal, and work-function maps
from this procedure exhibited the highest degree of uniformity.
However, for the (100) surface, the low work function was not
reproducible, and for the (111) surface, the work function
increased significantly with temperature. In some cases, there
was significant O and Al coverage on the surface, suspected to
be from aluminium oxide deposition onto the surface rather than
termination of the surface. Nevertheless, in some of these sam-
ples, the work function and EA were even lower than that
observed for H-terminated diamond.

The electron beam evaporation method showed a much larger
spatial variance of work function compared with the other two
methods, suggesting that deposition was not uniform or there
was agglomeration of Al upon annealing. Annealing resulted
in a loss of oxygen from the surface and a significant change
in work function. Nevertheless, low work functions and NEA
were still observed, including after high-temperature annealing.

For each deposition procedure, the main issue with AlþO
termination was determined to be the change in oxygen behavior
rather than desorption of Al. For the thin-film-prepared samples,
at higher temperatures, as much as 50% of the O coverage was

Figure 10. Color-coded work function maps of AlþO-terminated dia-
mond prepared by electron beam evaporation, at annealing temperatures
of a,b) 300 �C, c,d) 600 �C, and e,f ) 800 �C. (a), (c), and (e) are for the
(100) surface and (b), (d), and (f ) are for the (111) surface.
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lost. This was unexpected, both because O-terminated diamond
is usually stable at �900 �C[12,53] and because the thick-film-
prepared samples did not suffer this issue. In addition, in many
cases, the C─O and C═O component peaks of the C 1s spectra in
XPS were observed to decrease slightly relative to that from the
bulk sp3 carbon peak, and this was accompanied by an increase of
a low-binding-energy component of the O 1s peak, attributed to
increasing Al─O bonding. This indicated that Al could break
both C─O bonds and abstract O atoms from the surface. The
O content was also often higher than expected for 1ML coverage,
suggesting that Al was partly oxidized in air. This would be
detrimental for NEA because it would form a C─O─Al─O bond-
ing arrangement with an additional dipole at the surface with
negative charge outermost. As such, it appears that the propen-
sity for Al to bond with O is, in fact, rather disadvantageous for
thermionic applications.

In general, these results broadly agree with computational
predictions,[33,35] albeit with some caveats. Computer simula-
tions suggest that the AlþO-terminated (100) and (111) dia-
mond surfaces should have EAs of �0.4 and �1.2 eV,
respectively, and have adsorption energies of �6�8 eV per atom.
Experimentally we found that, except for loss of excess O upon
first heating, the AlþO surface remained stable up to 800 �C,
whereas the EA values were generally between 0.0 and
�1.0 eV, depending upon the deposition method, coverage,
and annealing temperature. Care should be taken with these
comparisons, however, as the simulations were for undoped dia-
mond, whereas the experimental substrates had a boron-doped
layer. In addition to changing the electrical conductivity of the
bulk, dopants also produce band bending at the surface, and this
can have a significant effect upon the magnitude and sign of the
EA. Larsson[54] used density functional theory methods to calcu-
late the EAs for a range of terminating species (H, O, OH,
NH2, F) on undoped, p-doped, and n-doped diamond (100)
and (111) surfaces. She found the EA values depended signifi-
cantly upon all these factors: adsorbate, adsorbate geometry
(e.g., linear or bridging), diamond surface orientation, and
importantly, bulk doping type. Thus, care must be exercised
when comparing experimental values with theoretical EA values

to ensure that these factors are known in each case. In this
case, no theoretical calculations have yet been reported for Alþ
O-terminated BDD, and so these would be a useful next step.

It is clear that there was a wide variation in EA values obtained
from the samples, even across the same wafer surface. One of
the key issues here is the unreliability of forming a uniform
O-terminated surface, where the oxygens are all in either the
ketone- or ether-bridging positions. The different oxygenation
methods not only sometimes produce incompletely oxidized sur-
faces, but also there is no control of the ratio of ketone-to-ether
structures across the surface. This leads to patchy surfaces with
areas of good electron emission performance with high NEA,
adjacent to areas of poor performance with low NEA or even
PEA. Optimization of the oxidation process to develop a
method that preferentially produces only one type of oxygen-
ated diamond surface would be a key goal to improve results.
Reactions routine to organic chemistry to modify the type of
bonding at the O-terminated surface, such as Pinacol coupling,
diol-oxidation, or ether-cleavage reactions,[33] might also be
worth pursuing. The work of Yoshida et al.,[55] where (111) dia-
mond was heated in H2O vapor to selectively obtain hydroxyl-
terminated diamond, appears to be the closest approach to date
for the formation of a singular type of oxygen bonding on (111)
diamond, so perhaps a similar procedure could be used to
hydroxyl terminate the (100) surface.

Although the ALD and e-beammethods showed promising low
work function and electron affinity values, these are expensive,
time-consuming, and temperamental experiments to conduct
and as such, would likely not be methods of choice for scaling
up to real-life applications. The thick-film method, however, is
readily scalable, but often suffers from poor reproducibility.
Optimizing this process for different Al evaporation thicknesses,
acid-washing conditions and different annealing strategies would
be another useful strategy.

This study focused on Al deposition onto O-terminated diamond,
but other studies should be undertaken to study Al termination on
bare diamond. This might remove the issue of Al scavenging O,
because O would no longer be present in this system; however,
the drawback is that it might make the samples air sensitive.

Figure 11. UPS spectra (He I, 21.1 eV photon energy) of AlþO-terminated a) (100) and b) (111) diamond prepared by electron beam evaporation. Inset
shows a magnified view of the VBM energy relative to the Fermi energy.
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Computational calculations of ≤1ML Al on bare diamond[33,35,36]

predict that the Al�diamond surface should be temperature stable,
and that its NEA should become more negative with increasing Al
coverage. It would be useful to confirm this and to understand how
much Al can be deposited before the bulk properties of the metal
dominate. Similarly, the time dependence of the EA and work func-
tions of these films are yet to be studied. To produce usable therm-
ionic devices, the surfaces must retain their NEA properties for
periods of years under continual usage, and in common with many
other diamond terminations, these long-term stability measure-
ments are yet to be determined for AlO�diamond.

Other metal�oxygen terminations of diamond using Group I
and II metals or selected TMs[1] have also shown, or been pre-
dicted to have, large NEAs and could be further optimized in
future. Many other potential candidates have yet to be explored.
Some of these metals are arguably more promising for therm-
ionic applications as they benefit from being much more electro-
positive than Al, while also demonstrating stability at thermionic
temperatures. They also have weak metal�metal bonds, thus
favoring ionic bonding to the diamond surface, rather than cross-
linking to adjacent metal atoms on the surface. This would
reduce recombination pathways for electrons, a potential factor
that may hinder electron emission.
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