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Experimental studies of electron affinity and work function from titanium 
on oxidised diamond (100) surfaces

Fabian Fogarty, Neil A. Fox and Paul W. May

School of chemistry, university of Bristol, cantock’s close, Bristol, uK

ABSTRACT
Sub-monolayers of titanium were deposited onto oxidised (100) single-crystal diamond surfaces 
and annealed in vacuo at temperatures up to 1000 °C to find a temperature-stable termination 
procedure that produces a surface with Negative Electron Affinity (NEA). The samples were 
analysed by X-ray Photoelectron Spectroscopy, Ultraviolet Photoelectron Spectroscopy and 
Energy-Filtered Photoemission Electron Microscopy to determine their electron affinity and 
work function values. NEA values were observed on samples following annealing above 400 °C, 
with the largest NEA value being –0.9 eV for a sample coated with a half-monolayer of Ti 
annealed at 400 °C. Work function values were ∼4.5 eV for all samples annealed at temperatures 
between 400 and 600 °C, then rose at higher temperatures due to the loss of substantial 
amounts of O from the surface. Work-function maps indicated that the surface was uniform 
over areas 5700 μm2, suggesting that the deposition and annealing steps used are reliable 
methods to produce films with homogeneous surface properties.

GRAPHICAL ABSTRACT

1. Introduction

Diamond has many superlative properties and can be 
deposited as thin layers via Chemical Vapour Deposition 
(CVD) [1]. These features, combined with its ability to 
form a negative electron affinity (NEA) surface, has 
made diamond a material of interest for numerous elec-
tron-emission applications [2], such as photodiodes [3], 
electron sources [4], secondary-electron emission 
devices [5], thermionic energy conversion [6] and pho-
toelectrochemical CO2 conversion [7].

In order for an electron to be emitted from a metal 
surface, it must possess sufficient kinetic energy to over-
come the work function (WF) situated at the surface–vac-
uum interface. The work function, ϕ, is defined as the 
energy difference between the Fermi level, EF, and that of 
the vacuum level. In semiconductors, electrons that reside 
in the valence band (VB) require additional energy 

equivalent to that of the band gap to first excite them into 
the conduction band (CB) before they can be emitted. ϕ 
typically has vales of a few eV for most metals and semi-
conductors. Therefore, high-energy ultraviolet photons 
or temperatures >1500 K are usually required to provide 
sufficient energy for electron emission. For some semi-
conductors and insulators, however, which include dia-
mond [8], cubic boron nitride [9], and AlN and AlGaN 
[10], the work function is greatly reduced because, in 
these unusual cases, the CB minimum lies higher in 
energy than the vacuum level. This condition is known 
as NEA. Here, electrons located in the CB experience no 
emission barrier to escape the surface. Bulk electrons 
residing in the VB, or in mid-band-gap states because of 
doping, only require prior excitation (via photon absorp-
tion, thermalisation or electric fields) into the CB for 
emission to take place. Consequently, NEA materials are 
highly desirable for next-generation electron-emission 
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applications. Because these are all wide band-gap materi-
als, the advantages of NEA might 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 approach-
ing that of the band gap, and also by using suitable doping 
strategies, especially n-type, that raise the Fermi level and 
decrease the effective band gap [2].

In the case of diamond, an NEA surface can be 
formed by terminating the diamond surface with atoms 
or groups of atoms that are electropositive relative to that 
of bulk carbon, forming an electric dipole perpendicular 
to the surface, with positive charge outermost [11]. 
Termination with hydrogen gives an NEA for each of 
the (100), (111) and (110) surfaces [12–14]. However, 
H-terminated diamond surfaces suffer from hydrogen 
desorption at elevated temperatures (>∼700 °C) [8,15], 
which makes H-terminated diamond problematic for 
use in high-temperature applications, such as thermionic 
energy converters (TECs). Therefore, there is an exten-
sive ongoing search for alternative diamond-termination 
schemes that provide high NEA whilst remaining stable 
above 1000 K [2].

The H-terminated diamond surface can be function-
alised by using a variety of wet chemistry and plasma 
techniques [16] to produce surfaces with different ter-
minations that exhibit improved emission behaviour and 
thermal stability. Previous experimental and computa-
tional studies of NEA surfaces on diamond include the 
use of Group I and II metals [17–20] and transition 
metals (TMs) [21–25] as the electropositive species, with 
monolayer (ML) or sub-monolayer coverage, on bare or 
oxidised diamond surfaces. Group I elements have long 
been known to exhibit NEA characteristics on diamond, 
however larger adsorbed Group I elements, such as Cs 
[17], have low thermal stability which limits their use-
fulness at higher temperatures. Computational and 
experimental work has focused upon elements that can 
provide a robust surface alongside NEA, including 
smaller Group I and II metals, such as Li and Mg [26–29] 
as well as various TMs like Cu, Ni, Ti and Zn [24,29].

Collective results from these studies suggest that for 
metals deposited directly onto the diamond surface, car-
bide-forming metals give a larger NEA. However, many 
metals do not readily form bonds with carbon, while 
others prefer bonding to oxygen over carbon, such that 
the adsorbed metal layer rapidly oxidises on exposure 
to air. Some of these problems can be overcome by 
depositing the metal onto an already oxidised diamond 
surface [26]. While it may appear counterintuitive to 
terminate the surface with electronegative oxygen, pro-
vided a sufficiently electropositive metal (M) is bonded 
on top of the oxygen layer, the overall combination can 
produce a net NEA. An added benefit in these M–O–C 
systems is that the metal is already partially oxidised, 
lowering its reactivity towards further oxidation thereby 
making the surface more air stable.

These data sets suggest that for optimal NEA, together 
with an air- and temperature-stable diamond surface, it 
is preferable for the adsorbate to have the following attri-
butes: (a) a high electropositivity, (b) a relatively small 
radius, (c) propensity to form highly charged positive 
ions, and (d) ready formation of bonds with both C and O.

With this in mind, our group recently reported the 
results of computational and/or theoretical studies for 
the metals Al [30–33], Sn [34,35] and Sc [36] on both 
bare and oxidised diamond surfaces. For Al, the Al–O–
diamond surfaces remained stable up to 800 °C, with 
electron affinity (EA) values generally between 0.0 and 
–1.0 eV, and work functions 4.5–0.5 eV, depending upon 
the deposition method, coverage and annealing tem-
perature [33]. Quarter and half ML coverages of Sn were 
found to be the most stable coverages in the case of both 
bare and oxygen-terminated diamond, resulting in large 
adsorption energies (up to −6.5 eV on the oxygen-ter-
minated surface with an EA up to −1.5 eV. For Sc on the 
oxygenated diamond (100) surface, simulations [36] 
predicted extremely large adsorption energies (Ead) per 
adsorbate atom as high as −8.7 eV. Moreover, most of the 
stable Sc adsorption configurations were calculated to 
possess NEA, with the most negative values being 
–3.73 eV found for 0.25 ML Sc coverage. This study also 
predicted NEA and work function values for Sc on a 
nitrogenated diamond surface, showing that the M–N–
diamond termination approach is also a potential route 
to temperature-stable NEA surfaces. Preliminary exper-
imental results seem to be consistent with these pre-
dicted values [37] for Sc termination. 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 Ref. [2].

We now consider titanium as another likely NEA 
candidate due to its electropositive character (EN = 
1.54), and its propensity to form highly charged cations 
(Ti2+, Ti3+, Ti4+) with relatively small ionic radii (0.5–
1.0 Å depending upon coordination number and ionic 
charge) [38]. Moreover, Ti reacts readily with C, O and 
N, and is chemically similar to Al and Sc.

In this paper, we report experimental results from the 
Ti–O–diamond system, including measurements of 
work function and EA from different diamond surfaces, 
and coverages, as part of the quest to identify a diamond 
surface with a high electron-emission yield at low tem-
peratures (∼500 °C), that will not degrade during use, 
and which will be compatible with commercial TECs for 
solar power applications.

2. Method

Single-crystal diamond substrates were purchased from 
Element Six, Ltd (Ascot, UK). These square undoped 
(100) substrates were made using chemical vapour depo-
sition (CVD) with a surface polished to an average 
roughness of ∼3.9 nm and a side-length of 3 mm. To 



FUNCTiONAL DiAMOND 105

remove contamination following the polishing process, 
these samples were refluxed in a solution of potassium 
nitrate (5 g) in concentrated sulfuric acid (100 ml) for 
6 h, then washed with deionised water [39]. An electri-
cally conducting boron-doped diamond (BDD) over-
layer (∼1 µm) was grown homoepitaxially on these 
substrates using hot-filament CVD following the proce-
dure described in Ref. [33]. This BDD layer was needed 
to make the surface conductive and prevent sur-
face-charging effects during characterisation procedures 
that rely on electron emission from the sample, such as 
X-ray Photoelectron Spectroscopy (XPS).

To ensure all samples started out with identical fully 
hydrogenated surfaces, the cleaned BDD-coated dia-
mond substrates were placed into a microwave CVD 
reactor and a hydrogen plasma was used to hydrogenate 
the surface in a multi-step process, as described in 
Ref. [40].

To convert the H-terminated diamond samples into 
O-termination, they were placed into a bespoke paral-
lel-plate D.C. plasma reactor and exposed to an O2 
plasma at room temperature (20 °C). The base pressure 
of the system was <5 mtorr while the operating pressure 
was typically 1 torr at an O2 (99.995%) flow rate of 
10 sccm. The sample treatment time was only 7 s, which 
had been determined by previous calibration experi-
ments to be the optimal duration—sufficient to fully 
oxygen terminate the surface without etching the 
diamond.

XPS analysis of the O2-plasma-treated samples deter-
mined that 5.7 ± 0.1% content was equivalent to 1 ML of 
O on the diamond surface. The average work function 
of these oxidised samples determined from ultraviolet 
photoelectron spectroscopy (UPS) plots (see Figure 1) 
was 5.4 ± 0.15 eV, which, while slightly higher than liter-
ature values, was in close agreement with the values 

obtained from the work–function maps of these samples 
(see later). Detailed analysis of the XPS peaks for O 
showed that these oxidised surfaces had 70–80% of the 
O in the bridging ether (C–O–C) configuration with the 
balance in the ketone (C = O) configuration [39].

Ti was deposited in situ in the fabrication chamber of 
the University of Bristol NanoESCA II Facility under 
ultra-high vacuum (UHV) conditions. This was achieved 
using a four-pocket thin-film electron-beam evaporator. 
A high-purity (99.99%) Ti rod was used as the Ti source, 
and its evaporation rate was calibrated using a quartz 
microbalance and monitored using XPS [39]. Thus, dif-
ferent evaporation times allowed deposition of fractions 
of a ML of Ti, as required. The deposition was performed 
at 400 °C. This was followed by an in situ UHV anneal 
at temperatures 600–1000 °C. The anneal created a 
strong covalent bond between the surface atoms (O or 
C) and any adjacent overlying Ti atoms, while any excess, 
unbonded metal or oxygen, thermally desorbed and was 
pumped away. UPS was also performed in a separate 
chamber in the NanoESCA system. Thus, sequential 
deposition, annealing and XPS/UPS analysis steps were 
possible without breaking vacuum.

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 determined via calibration using the peak 
area for each element and its sensitivity factor (available 
from XPS literature [41]). A monochromatic Al Kα X-ray 
source (1486.7 eV) was used with an overall energy res-
olution of 600 meV 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.

UPS was used to study the VB electrons in a sample. 
A UPS spectrum typically shows a large peak at high 
binding energy due to secondary-electron emission. 
Other peaks give information on the electron densi-
ty-of-states. NEA can be observed by the presence of an 
extra secondary-electron emission peak component at 
a higher binding energy, arising from the additional sec-
ondary-electron population exceeding the vacuum 
energy [40], as shown in Figure 1. The work function, 
ϕ, can be calculated from the difference between the 
photon energy and the emission onset for PEA surfaces 
(Figure 1(a)). However, for NEA surfaces this method 
can be inaccurate. Instead, all work-function values  
were obtained directly from two-dimensional maps 
measured using Energy-Filtered Photoemission Electron 
Microscopy (EF-PEEM), as described below. UPS was 
also used to determine the difference between EF and 
the energy of the VB maximum, EVBM. Thus, the EA, χ, 
was calculated from:

 
� �     F VBM g� � � �( )E E E

 (1)

where Eg is the band gap of diamond (5.45 eV).

Figure 1. (a) Example uPS spectrum taken from a quarter 
monolayer of ti on oxidised diamond, showing the additional 
large secondary-electron emission peak component at ∼16 eV 
indicative of nEa. Following convention, the plot begins at 
21.2 eV, the photon energy of the He–i uV light source, and ends 
at the Fermi level, EF = 0. (b) inset illustrating how the secondary 
electron cut-off (SEco) is obtained by extrapolation of the linear 
part of the plot to the axis. thus, ϕ is given by 21.2  –  SEco. 
(c) inset illustrating how EVBm is obtained from linear extrapola-
tion of the plot.
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Region-selected UPS was performed using EF-PEEM 
with a monochromatised 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 analyser, and the 
signal was amplified using a channeltron. The energy 
resolution of this technique was 0.14 eV. An iris allowed 
UPS to be performed on a region of interest of ∼200 μm2.

EF-PEEM was also used to extract a map of the work 
function across a sample surface. As in UPS, photo-emit-
ted electrons were energy filtered using an imaging double- 
hemisphere energy analyser. For EF-PEEM, images were 
obtained for successive energies, allowing the work  
function at different locations to be visualised as a 
colour-coded map, with an energy resolution of 0.15 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 apply-
ing a bias of 7–12 kV across the sample-to-extractor-elec-
trode distance of ∼1.8 mm. The work-function values 
were then corrected for the Schottky effect of 98 meV 
resulting from the high PEEM extractor field [42], 
directly producing values of ϕ with an uncertainty of 
about ±0.15 eV.

3. Results

Samples of Ti on oxidised diamond were prepared with 
different thicknesses of Ti corresponding to a quarter 
monolayer (QML), half ML (HML) and full ML (FML), 
and their work function, EA and surface composition 
were analysed as a function of annealing conditions.

(a) Composition changes following annealing
The Ti XPS survey spectrum from the as-deposited 

(400 °C) QML sample is shown in Figure S1 in the 
Supplementary Information. Figure S2 in the 
Supplementary Information is an expansion of this spec-
trum around the Ti 2p region, showing a large component 
at 458.5 eV (81.5%) and a smaller component at 457.4 eV 
(18.5%), both of which correspond to TiO. If the deposi-
tion were non-uniform, i.e. island growth, the Ti 2p spec-
trum would also exhibit a metallic component around 
454 eV and there would be an increase in the O concen-
tration due to the Ti in the islands oxidising. Because 

neither of these are seen, this suggests the Ti has formed 
a uniform coherent layer bonded to the oxidised surface.

Table 1 shows the elemental composition of the sur-
face following a series of 15-min anneals at successively 
higher temperatures. For the QML sample, after anneal-
ing at 600 °C for 15 min there was a small decrease in the 
O concentration while the Ti concentration remained 
largely unchanged. However, after annealing the sample 
at 800 °C, there was significantly less O remaining rela-
tive to the full ML before Ti deposition. There was also 
a 0.3% decrease in the concentration of Ti. However, 
considering that no corresponding decrease in Ti con-
centration was observed after the 1000 °C anneal, and 
that an increase in temperature would typically result in 
more of the species desorbing, it is unlikely that this 
decrease is due to Ti desorption. The decrease in Ti con-
centration could be due to the Ti atoms on the surface 
rearranging or diffusing into the bulk of the diamond. 
Following the 1000 °C anneal, most of the O had 
desorbed, although the O 1s core-level scan revealed that 
there were trace amounts of O remaining. These trends 
are replicated for the HML and FML samples: above 
∼800 °C O desorption becomes significant, and nearly 
all O has disappeared from the surface by 1000 °C, while 
the Ti concentration appears largely unchanged at all 
temperatures.

(b) Bonding changes following annealing
Figure 2 shows the percentage by area of the surface 

(a) oxygen or (b) carbon atoms that are bonded in dif-
ferent ways after annealing at different temperatures for 
QML Ti deposition, following analysis of the deconvo-
luted components of the core level XPS spectra. Examples 
of the fitting and deconvolution process for the XPS spec-
tra are given in Figures S3 and S4 in the Supplementary 
Information. In Figure 2(a), before Ti deposition (20 °C) 
the oxygen components are typical of those observed for 
O-terminated diamond, with a large (76%) ether com-
ponent at 532.3 eV and a smaller (23%) ketone compo-
nent at 531.1 eV. There is also a trace metal oxide peak at 
529.7 eV probably due to slight Ti contamination in the 
XPS chamber. After Ti deposition at 400 °C, it can be seen 
immediately that the metal–oxide component has 
increased significantly and is now the largest component 
(∼36%). This is to be expected after depositing Ti on the 
O-terminated surface and shows that the Ti has chemi-
cally bonded to the O, rather than being physically 
adsorbed on the surface. After the 600 °C anneal, peak 
composition shifts even more towards the metal–oxide 
component, and even further following the 800 °C anneal.

Figure 2(b) shows a bar chart for the component 
ratios of surface C atoms. This is displayed on a loga-
rithmic scale because a linear scale would only show the 
two large C–C components from the diamond substrate. 
The chart clearly shows the C–O components at ∼288 eV 
decreasing in magnitude with increasing temperatures 

Table 1. Elemental surface composition derived from XPS for 3 
different ti coverages following oxidation at 20 °c, ti deposition 
at 400 °c, and then following annealing at 3 higher tempera-
tures (15 min each).

T/°c

Elemental composition/%

Qml Hml Fml

o 1s ti 2p o 1s ti 2p o 1s ti 2p

20 5.7 – 6.0 – 5.6 –
400 5.6 1.0 5.9 2.0 6.4 4.3
600 4.6 1.1 6.0 2.1 7.5 4.4
800 0.4 0.8 5.4 2.0 1.7 4.3
1000 <0.1 0.7 0.1 2.0 0 3.9

https://doi.org/10.1080/26941112.2022.2122733
https://doi.org/10.1080/26941112.2022.2122733
https://doi.org/10.1080/26941112.2022.2122733
https://doi.org/10.1080/26941112.2022.2122733
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while the metal–carbide peaks ∼282 eV increase in mag-
nitude. One interesting aspect is that the second metal–
carbide component (purple bar in Figure 2(b)) could 
only be observed after most of the O had desorbed at 
T > 800 °C. It is also worth noting that the sp3 C–C peak 
dominates at low temperature, as expected for sin-
gle-crystal diamond, but after Ti deposition and anneal-
ing, the sp2 peak height increases and even exceeds that 
of the sp3 peak. This may reflect the change in hybridi-
sation of the surface C atoms when they are partially 
bonded to a Ti atom. The nature of the bonding of Ti to 
the C and O atoms on the surface would make an excel-
lent topic for future theoretical studies.

(c)  EA and WF
UPS and EF-PEEM analysis were performed on the 

QML, HML and FML samples before and after Ti depo-
sition, as well as following the anneals. The EA and WF 
values after these anneals are summarised in Figure 3. At 
20° C, before Ti deposition, the work–function values of 
all three samples were relatively high (5.3–5.5 eV) and 
they all exhibited PEA with values 0.7–1.2 eV, consistent 
with O-terminated diamond. After Ti deposition at 
400 °C, the WF and EA values of all three samples 
decreased markedly, although the values for the QML 

sample decreased significantly less than the other two. 
Indeed, at this temperature the HML and FML samples 
exhibited quite significant NEA values of –0.9 and 
–0.3 eV, respectively. With further increases in tempera-
ture, the EA values for each of the three coverages 
remained roughly constant, while the work–function 
values gradually climbed back to a value around 4.5 eV. 
This increase in work function can be correlated with the 
loss of oxygen at these higher temperatures (see Figure 
S5 in the Supplementary Information).

The optimum temperature for annealing is ∼600 °C, 
which is sufficient to restructure the surface and chem-
ically bond the Ti, O and C together, producing high 
NEA values and low work functions, without causing 
significant desorption of O. WF maps of the samples 
annealed at 600 °C are given in Figure 4. These show that 
apart from a few submicron blemishes, the majority of 
the surface exhibits a reasonably uniform WF to within 
about ±0.05 eV over an area with a diameter ∼85 μm 
(∼5700 μm2).

4. Discussion

For anneals at temperatures >400 °C, the HML and FML 
Ti coverages exhibited EA values ∼ –0.3 eV and ∼ –0.8 eV, 
respectively. WF values dropped from ∼5.5 eV for 

Figure 2. Percentage of the surface (a) o or (b) c atoms by area that are involved in different bonding arrangements after annealing 
at different temperatures for Qml ti deposition, obtained by analysis of the deconvoluted components of the core level XPS spectra. 
(a) analysis of the o 1s peaks determines the o bonding in terms of ether (533 eV), ketone (532 eV), and metal oxide (531 eV) compo-
sition. (b) analysis of the c 1s peaks determines the c bonding in terms of oxidation level (ether 288 eV and ketone 287 eV), c–c 
bonds (sp2 285 eV and sp3 284 eV) and two different metal–carbide bonds (283 eV and 282 eV).

https://doi.org/10.1080/26941112.2022.2122733
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oxidised diamond to ∼4.5 eV as annealing temperatures 
increased to 600 °C, then rose again at higher tempera-
tures. In general, these results are broadly consistent with 
computational predictions [39], although the recent 
predictions of Tiwari et al. [25] calculate PEA values for 
all Ti–O–diamond configurations except the FML cov-
erage, which is predicted to have a rather large NEA of 
–3.1 eV. Care should be taken with these comparisons, 
however, as the simulations were for undoped diamond 
whereas the experimental substrates had a conducting 
BDD layer to facilitate XPS analysis. As well as changing 
the electrical conductivity of the bulk, dopants also pro-
duce band bending at the surface, and this can have a 
significant effect upon the magnitude and sign of the 
measured EA [43]. Tiwali et al.’s calculations do predict 
a very high adsorption energy for Ti on oxidised dia-
mond of ∼7 eV, which is consistent with our experiment 
which showed no significant loss of Ti, even at 1000 °C 
annealing.

Our experimental values of EA and WF also compare 
favourably with those reported for surface terminations 
with elements similar to Ti. For Al–O termination, the 
EA values were between 0.0 and –1.0 eV, with WFs  4.5–
0.5 eV, depending upon the deposition method, coverage 
and annealing temperature [33]. For Sn–O termination, 

Figure 3. Variation with annealing temperature of (a) the work 
function, and (b)  the electron affinity for the tio-terminated 
diamond samples. the uncertainty in both ϕ and χ data values is 
±0.15 eV.

Figure 4. Work–function maps obtained by EF-PEEm for (a) Qml, (b) Hml, and (c) Fml of ti on oxidised diamond annealed at 600 °c.
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NEA values of −0.86 eV and −1.37 eV were obtained with 
QML and HML of Sn, respectively, on oxygen-termi-
nated (100) diamond [35], with corresponding WFs of 
3.9 and 4.1 eV. These EA and WF values are slightly bet-
ter than the values for TiO, however, these SnO termi-
nations desorbed above 700–800 °C making their use in 
thermionics problematic. For ScO termination, nearly 
all of the stable Sc adsorption configurations were cal-
culated [35] and measured [37] to possess NEA, with 
the largest value being –3.73 eV found for QML cover-
age. The corresponding work functions were in the range 
1.4–4.0 eV. The EA values are significantly larger than 
those for Ti measured in this work, while the WF values 
are much smaller. Thus, comparing these four termina-
tions options, ScO looks the most promising with large 
NEA values and small WFs, with TiO and AlO jointly 
vying for second place, and SnO last due to its low 
desorption temperature. Although Sc appears to be the 
better choice, one advantage that both Al and Ti have 
over Sc is that they are both common, inexpensive met-
als compared to Sc, and in device fabrication, sometimes 
low production cost is more important than absolute 
performance.

The main issue with the Ti–O-termination was the 
change in oxygen behaviour with temperature rather 
than desorption of Ti. At higher temperatures, as much 
as 90% of the O coverage was lost. This was unexpected 
because O-terminated diamond is usually stable to 
∼900 °C [14,44] and TiO2 to >1800 °C. Preliminary 
results suggest this loss of O may be related to a restruc-
turing of the surface at certain coverages, such that some 
or all of the O atoms migrate to the surface. This is still 
under investigation, but it means that careful control of 
annealing temperatures is required to ensure the tem-
perature is sufficient to chemically bond the C, O and 
Ti to activate NEA, but not high enough to promote 
significant loss of O.

From the XPS results, one of the key issues here is the 
difficulty of forming a uniform O-terminated surface 
where the oxygens are all in either the ketone or ether 
bridging positions. Optimisation of an oxidation process 
that preferentially produces only one type of oxygenated 
diamond surface, such as that reported by Yoshida et al. 
[45], would be a key goal to improve uniformity.

The time dependence of the EA and WFs of these 
films have yet to be studied. In order to produce usable 
thermionic devices, the surfaces must retain their 
NEA properties for service periods of years withstand-
ing continual thermal cycling, and in common with 
many other diamond terminations, these long-term 
stability measurements have yet to be determined for 
TiO–diamond.

Finally, it is worth mentioning that, in parallel with these 
experiments involving Ti deposition onto O-terminated 
diamond, we performed similar experiments using 
N-terminated diamond [39]. The N-termination was 

attempted using a NH3 plasma, however preliminary XPS 
results showed that the surface was contaminated with Fe 
and Cr from the plasma-reactor walls, which had been 
etched and redeposited onto the sample by the reactive NH3 
plasma. The surface also had contamination from F and O, 
presumably due to the same source. As a result, the NEA 
and work function results were patchy and unreliable. 
Nevertheless, depositing metals onto a nitrogenated dia-
mond surface is a viable and promising route to NEA sur-
faces that remains to be properly studied.

5. Conclusions

Ti was deposited onto O-terminated diamond, with the 
intention of producing a thermally stable surface with low 
work function and NEA. NEAs were observed following 
anneals at >400 °C, with the largest NEA value being 
–0.9 eV for the HML sample annealed at 400 °C. WF val-
ues dropped from those expected for oxidised diamond 
(∼5.5 eV) to ∼4.5 eV as annealing temperatures increased 
to 600 °C, then rose again at higher temperatures, due to 
the loss of substantial amounts of O from the surface via 
desorption, as evidenced by XPS composition analysis. 
WF maps indicated that the surface was uniform over 
areas with diameter 85 μm, suggesting that the deposition 
and annealing steps used are reliable methods to produce 
films with homogeneous surface properties. The WF and 
EA values are consistent with those measured previously 
by our group using a thick-film deposition method [46]. 
Although the EA and work function values for these TiO–
diamond surfaces are not as useful as those from the 
recently reported ScO–diamond system, the results show 
that TiO–diamond can still make an effective surface for 
thermionic devices which may be cheaper to fabricate 
that those made using Sc.
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