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A B S T R A C T   

The surface modification of diamond holds crucial significance in various applications, such as electron emission 
devices, Schottky diodes and field-effect transistors. Oxygen termination is one of the most common termination 
types, where three distinct carbon-oxygen bonded configurations (i.e. ether, ketone and hydroxyl) are typically 
found concurrently on the surface. An unanswered question in this context is whether each oxygen-containing 
functional group influences the tuning of the surface electronic properties of diamond. Here, we systemati-
cally explore the surface oxidation of (100)-oriented single-crystal diamond using four different oxidation 
methods: oxygen plasma exposure, UV-ozone irradiation, acid treatment and oxygen-gas thermal cracking. The 
relative concentration of the oxygen functional groups varies significantly depending upon the oxidation tech-
nique used. Specifically, O2-plasma and thermal-cracking methods result in higher percentages of ether con-
figurations (52.1% and 71.5%, respectively), whereas UV-ozone and acid-oxidation treatments preferentially 
yield ketone (47.9%) and hydroxyl (51.3%) groups. Additionally, employing state-of-the-art surface-science 
techniques, the surface electronic structure of each oxygenated sample is revealed. These experimental findings 
show that specific oxidation methods significantly alter the work function of all four oxidised surfaces, being 
measured in the range of 4.65 eV and 5.79 eV. This study paves the way towards selective tuning of the oxygen 
surface configurations suitable for fabricating diamond-based energy materials.   

1. Introduction 

Surface functionalisation of diamond has gained growing signifi-
cance in a diverse array of emerging applications, including DNA 
sensing [1,2], quantum engineering [3–5] and power harvesting [6–8]. 
Most efforts aimed at surface modification of diamond predominantly 
focus on terminating the surface with hydrogen or oxygen, although 
other alternative adsorbates have been reported to modify the surface 
for different applications [7]. When the surface is terminated with H 
atoms, diamond exhibits a negative electron affinity (NEA) of approxi-
mately -1.3 eV [9,10]. This intriguing property positions the vacuum 
level beneath the conduction band minimum (CBM), eliminating any 
potential barrier for emission from the surface of electrons located 
within the CB. This unusual NEA surface allows diamond to act as an 
efficient source of ejected electrons in vacuo, enabling exciting oppor-
tunities for a diverse range of energy-related devices [11–13]. 

However, H-termination on diamond can be readily replaced by O 
atoms, eliminating the surface conductivity, reducing surface charge 
transfer, and ultimately resulting in a shift in polarity to positive 

electron affinity (PEA) [9]. Diamond oxidation is typically achieved 
through varied techniques, such as exposure to an O2 plasma, a UV- 
ozone lamp in air, treatment with strong acids, thermal annealing in 
air or electrochemical oxidation [14–18]. Although the PEA surface is 
detrimental to electron emission, such oxygen-terminated diamond 
surfaces have applications as electrochemical electrodes [19,20] and are 
the preferred termination for biological cell attachment and culturing 
[21–23]. 

Depending on the oxidation technique used, various bonding con-
figurations can be realised between oxygen and the surface carbon 
atoms of diamond, denoted as Cd. While these diverse bonding motifs 
generally encompass the formation of ketone (Cd=O), bridging ether 
(Cd–O–Cd) and hydroxyl (Cd–OH), their relative concentrations are 
substantially altered by the particular oxidation method used. Moreover, 
the limited understanding of and the difficulty in controlling the ratio of 
ketone : ether : hydroxyl in the oxygenated surface have recently 
rendered studies of the metal–O–Cd system particularly challenging 
[24,25]. Hence, a thorough experimental investigation of the O-termi-
nated surface in single-crystal diamond (SCD) in order to elucidate the 
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oxidation degree and resulting surface arrangements has yet to be 
reported. 

In this study, we present a systematic investigation of the surface 
oxidation of SCD (100) using a variety of oxidative techniques, including 
O2 plasma exposure, UV-ozone and acid treatments, and thermal 
cracking of O2. The surface electronic properties of variously oxidised 
diamond surfaces were characterised by X-ray and ultraviolet- 
photoelectron spectroscopy (XPS and UPS, respectively), real and 
reciprocal mapping by energy-filtered photoemission electron micro-
scopy (EF-PEEM), and spot-profile analysis low-energy electron 
diffraction (SPA-LEED) measurements. 

2. Experimental section 

2.1. Sample preparation 

Free-standing SCD (100) diamond substrates (product code: 145- 
500-0547) purchased from Element Six, Ltd (Ascot, UK) were first sub-
jected to a boiling mixture of concentrated sulfuric acid with potassium 
nitrate (6.5 g KNO3 in 100 ml of 95% H2SO4) for 3 h to clean the surface 
from polishing-induced contaminants. The clean substrates were then 
capped by deposition of an epitaxial conductive ~0.5 μm boron-doped 
diamond (BDD) overlayer (with a boron concentration of ~1020 cm− 3) 
using a bespoke hot-filament chemical vapour deposition (HF-CVD) 
reactor. The CVD process employed a gas mixture comprising 1% CH4 
and 5% B2H6 in H2 (with a B:C ratio of 1250 ppm) with a total gas flow of 
202.1 standard cubic centimetres per minute (sccm), regulated by 
separate mass flow controllers. A hot tantalum filament (>2000 ◦C) 
facilitated the thermal decomposition of the gases into reactive atoms 
and radicals under 20 Torr [10]. The resultant thin conductive layer was 
necessary to avoid surface charging in subsequent XPS experiments 
[10,24,25]. Although this short CVD step produced films with an H 
termination, a delay of several days/weeks before subsequent XPS 
analysis meant that the diamond surfaces may have oxidised slightly 
from the ambient air. Thus, before each oxidation experiment, the sur-
faces were re-hydrogenated using a microwave plasma-enhanced CVD 
reactor (MPE-CVD), as described in Ref. [10] to ensure an identical 
hydrogenated starting surface in each case. Each of the 4 hydrogenated 
sample then immediately underwent a different ex situ oxidation 
treatment. 

The first oxidation method involved exposing the sample to an O2 DC 
plasma in a modified sputter-coater (Edwards S150A) at 65 W for 8 s, at 
room temperature (RT) and a pressure of 1 Torr. The second method 
used UV light from a mercury lamp within a UVO-cleaner kit (Model 42, 
Jelight Company Inc.) to generate ozone from ambient air directly above 
the diamond sample surface. Ozone reacted with the diamond surface at 
RT, oxidising it over a period of about 25 mins to achieve a full mono-
layer (ML) coverage. The third method involved refluxing the sample in 
a hot mixture of 100 ml H2SO4 (95%) with 6.5 g KNO3 for 1 h at ~220 
◦C, followed by rinsing in deionised water and drying in N2 gas. The 
fourth method, O2 cracking, was performed in the deposition chamber of 
the NanoESCA facility via a thermal Mantis MGC75 gas cracker at a base 
pressure of ~2.2 × 10-6 mbar for 2 h. O2 gas with a flow rate of 0.15 
sccm was bled into the chamber and dissociated at a capillary power of 
65 W to create O atoms, which then reacted with and oxidised the 
nearby RT diamond surface. 

2.2. Surface analysis 

SPA-LEED measurements were carried out using an electron energy 
of 100 eV or 130 eV for the H- and O-terminated SCD (100) samples, 
respectively. A simulation of the LEED pattern was generated using the 
LEEDpat4 software [26] for each surface to aid the analysis of the 
experimental data. 

High resolution X-ray spectroscopy was performed using a mono-
chromatic Al Kα source (1486.7 eV) operating at 15 kV and 18 mA (270 

W). A Scienta Omicron Argus analyser was situated at an electron polar 
angle of 45◦ to the surface normal. The total energy resolution was 600 
meV at a pass energy of 20 eV for all high-resolution spectra. 

Work function (WF) mapping and region-selected UPS spectra were 
obtained using EF-PEEM with an energy resolution of 0.14 eV. A Hg- 
vapour lamp (hν < 5.8 eV) and monochromatic He(I) discharge lamp 
(21.22 eV) were used as the UV-light source for WF mapping and UPS, 
respectively. Iris tuning allowed the field of view value of ~37.5 μm to 
be defined for the EF-PEEM study. 

3. Results and discussion 

3.1. Surface Structure 

To assess the quality and structure of the oxidised diamond (100) 
surfaces, SPA-LEED was performed on all four samples. However, in 
order to have a benchmark for the oxidised diamond surfaces, the hy-
drogenated SCD (100) samples were first studied, and the results are 
given in detail in Section S1 in the Supplementary Information. The 
subsequent analysis of the oxidised samples revealed that the oxygen 
termination results in a reduction in symmetry and a change in the 
diffraction pattern compared to that for H-terminated diamond (Fig. S1 
(a) in the Supplementary Information). As expected, all oxidised samples 
exhibit a distinctive (1 × 1) LEED pattern, consisting of a single 90◦- 
rotated domain in a square lattice [27,28], as seen in Fig. 1 (a)–(d). 
However, the intensities of the first-order domains and background 
differs between oxidation techniques, resulting in variations in surface 
quality and roughness. The UV-ozone oxidation technique led to a 
highly ordered surface structure which manifested as sharp (1 × 1) 
domains and minimal background intensity, surpassing the LEED pat-
terns observed using other oxidation techniques (Fig. 1(b)). In contrast, 
as shown in Fig. 1(c), the O2-cracking method produced a LEED pattern 
with a weaker background intensity and less distinct spots compared to 
the other three methods. This difference can be attributed to the 
roughness and damage to the surface that occurred during the thermal 
cracking process [28]. The findings from the LEED studies were later 
corroborated by EF-PEEM maps, which will be presented in more detail 
in section 3.3. 

The experimental SPA-LEED data for the oxygenated diamond (100) 
samples were verified by the LEEDpat software simulation, resulting in 
predictions of real and reciprocal-space patterns. The (1 × 1) structure 
for the O-terminated diamond was constructed using a single-domain 

matrix (M =
[

1 0
0 1

]

) rotated by 90◦. The reciprocal unit-cell vectors 

represent the two O adatoms, while the primitive unit-cell lattice is 
square, as expected for the O-terminated diamond (100) with a (1 × 1) 
reconstructed surface, as shown in Fig. 1(e) and (f), respectively. 

3.2. Chemical composition 

The effect of various oxidation methods on the oxygen-bonding 
configuration for the SCD (100) surface was evaluated using core-level 
XPS. The XPS analysis was performed using the XPSPEAK41 software 
(version 4.1) and verified with the well-established fitting program, 
CasaXPS (version 2.3.18) [29], to achieve reproducible Gaussian- 
Lorentzian line profiles, GL(X), with a Shirley background [30]. The 
line profiles, labelled as GL(X), are fitted using a combination sum of Y% 
Gaussian + X% Lorentzian line shapes, where X + Y =100%. The 
combination of these two functions that provided the most accurate fit 
for the symmetric peak shape (i.e. C 1s and O 1s) depended upon the 
instrumental response (i.e. the X-ray line-shape of the core hole, pass 
energy, thermal broadening, etc.). The C 1s peak fitting required a 
smaller Lorentzian content of GL(28) compared to that of the H-termi-
nated diamond (100) (see Fig. S2), while the O 1s lines were fitted best 
with a value of GL(35). It is crucial to consider that the presence of only 
C 1s and O 1s signals confirms the successful surface cleaning and lack of 
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contamination. 
The deconvoluted C 1s peak is commonly utilised in the context of 

oxidised diamond to identify the nature of surface bonding [31,32]. The 
C 1s peak in a fully oxidised (100) diamond sample is decomposed into 
four distinct contributions, consistent with previous studies 
[16,18,31,33]. Fig. 2 highlights the prominent peaks observed in the C 
1s peak lines for the oxygenated diamond (100) surface, which vary with 
different oxidation methods. The dominant peak in each spectrum re-
mains unchanged, regardless of how the surface is terminated. This peak 
(labelled C1) has a binding energy (BE) of ~285.2 eV, and is assigned to 
bulk sp3-hybridised Cd atoms. Due to the oxidised surface, a lower in-
tensity peak (C2) at ~283.8 eV is present, attributed to graphitic or 
amorphous carbon, indicative of sp2 C=C groups on the surface. For 
oxygenated diamond, typically three extra peaks can be detected at 
higher BEs. Notably, the intensity of these peaks can vary depending on 
the oxidation techniques used. The first peak (C3) at 286.6 eV is ascribed 
to the Cd–O single bonds present in ether (Cd–O–Cd) and hydroxyl 
(Cd–OH) functionalities. The second and third peaks (grouped together 
under the label C4) usually arise around ~288 eV and ~289 eV, and are 
associated with the Cd=O double bonds of carbonyl (i.e. ketone) and 
carboxyl (R-COOH) components, respectively, as reported by Ferro et al. 
[34]. In our samples, the carboxyl-group peak is relatively small because 
the C––O double bonds are primarily due to the ketone component. 

Alternatively, if the surface is only partially oxidised, the presence of 
a fifth (C5) component can appear, indicating the existence of Cd–H 
bonds at the surface, as illustrated in the case of O2 cracking (Fig. 2(c)). 
Spectral peak contributions of C 1s, with corresponding assignments, are 
listed in Table 1, for all oxidised diamond (100) samples. 

Besides the core-level spectra of C 1s, the O 1s peak was also 
examined to evaluate its peak contributions to surface carbon-oxygen 
bonding. The O 1s spectra are typically observed within the BE range 
of 529 eV to 535 eV, and the positions of the peaks are dependent on the 
material bonding state. In general, the BE of the oxygen atom influences 

the charge and bonding nature of O, therefore higher BE corresponds to 
a less negative charge and more pronounced single-bonded features of 
the oxygen-to-carbon bond. 

Deconvolution of the O 1s peak in oxidised single-crystalline and 
nanocrystalline diamond has been widely reported resulting in two or 
three distinct components, each with a specific attribution. However, 
the findings from the two-component fitting analysis have been con-
tradictory, as demonstrated by the conflicting assignments reported in 
prior works. For example, Lesiak et al. [35] attributed the two compo-
nents to Cd–OH and Cd=O (ketone) bonds, while others proposed that 
they originated from Cd–OH and Cd–O–Cd bonds [36,37]. By performing 
three-component peak fitting, the fitting accuracy for oxygenated 
ultrananocrystalline and microcrystalline diamond samples was 
improved [18,38], assigning the 3 components to Cd=O, Cd–OH and 
Cd–O–Cd functional groups. 

In this study, three-component peak fitting was similarly applied 
with Cd=O centred at 531.1 eV, Cd–OH around 532 eV, and Cd–O–Cd at 
~532.7 eV, labelled as O1, O2 and O3 peaks, respectively, in Table 1 and 
Fig. 3. 

To obtain a more nuanced evaluation of the surface chemical com-
positions of the oxygenated diamond (100) samples, the relative con-
centrations of C and O were then determined from the deconvoluted C 1s 
and O 1s peaks (see Table 2). This information provides valuable insight 
into the elemental composition of the oxygenated SCD samples and can 
aid in the interpretation of their properties and behaviour. 

The atomic content of O in the oxidised layer was quantified by 
referencing the total peak area of C 1s and taking into account the 
relevant XPS sensitivity factors (F): 

O% =
A(O1s)/F(O1s)

[A(O1s)/F(O1s) + A(C1s)/F(C1s)]
× 100% (1)  

where A is total peak area, F(O1s) and F(C1s) are equal to 0.632 and 
0.205, respectively, which were obtained using the known cross- 

Fig. 1. Reciprocal-space LEED patterns obtained at a beam energy of 130 eV of the oxidised diamond (100) surfaces oxidised using (a) oxygen plasma, (b) UV-ozone, 
(c) acid oxidation and (d) oxygen cracking, respectively. In panel (d), white dashed arrows indicate the primitive reciprocal-lattice vectors along the kx and ky axes, 
while the blue dashed square corresponds to a (1 × 1) diffraction symmetry. Drawings of a superposition of the simulated reciprocal- and real-space patterns for C(1 
× 1)-(100):O are illustrated in panels (e) and (f), respectively. In panel (e), yellow circles refer to the (1 × 1) domains in a square lattice, while black dashed arrows 
are the primitive reciprocal-lattice vectors showing (1 × 1) diffraction spots. In panel (f), the red circles indicate the position of individual domains, whilst the blue 
dashed square shows the (1 × 1) geometry. 
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sectional area and asymmetry parameter values [39]. The calculation of 
O% in the oxidised layer using Eqn. (1) assumes a uniform distribution 
of O concentration in the layer, although the actual percentage may be 
lower due to the presence of Cd–Cd bonds in the diamond. To account for 
this, the calculation must take into account a few carbon layers, as the 

inelastic mean free path (IMFP) of diamond upon exposure to Al Kα 
radiation is ~2.5 nm [40]. 

In Table 2, the maximum oxygen content of 10.4% was obtained 
after acid oxidation, whereas oxygen plasma and UV irradiation of the 
H-terminated samples produced 7.43% and 7.58% of O, assuming the 
surface was fully covered (see the Supplementary Information, Section 
S2). In contrast, the O2-cracking treatment in a high-vacuum environ-
ment yielded the smallest recorded O coverage of 4.3% (or 0.57 ML), 
despite the thermal gas cracking conditions being the same as those 
reported by Wan et al. [28]. 

For ease of comparison, Fig. 4 presents a visual summary of the 
relative percentages of chemical compositions for the C 1s and O 1s core- 
level spectra in the O-terminated diamond taken from Table 2. Fig. 4(a) 
shows that the highest oxygen content obtained from acid oxidation is 
consistent with those reported from prior works [16,18,37,41], as the 
extent of diamond oxidation was influenced by various factors, such as 
the H2SO4/HNO3 ratio, temperature, and duration. Different reaction 
pathways of diamond oxidation by a boiling acid mixture have been 
described elsewhere [18]. To the best of our knowledge, the oxygen 
concentration obtained with wet-chemical oxidation of single-crystal 
surfaces is among the highest values reported to date [16,18,37]. 
Additionally, the acid treatment resulted in a remarkable increase in the 
concentration of sp2-bonded C (10.2%) compared to the other three 
methods. This suggests that the H-terminated SCD surface underwent 
significant etching during the oxidation process, leading to the 

Fig. 2. Core-level XPS spectra from C 1s showing the raw experimental data and the fitted line-shape, as well as its deconvolution into contributions from peaks C1- 
C5 (see Table 1) as a function of oxidation method: (a) plasma oxidation, (b) UV-ozone, (c) oxygen cracking and (d) acid treatment. The tops of the C 1s peaks are cut 
off to highlight low-intensity components. 

Table 1 
Spectral fitting attributes (e.g. peak assignment and BE) of the C 1s and O 1s 
peaks for the four different oxidation techniques. All XPS spectra assignments 
are taken from Fig. 2 and Fig. 3 for C 1s and O 1s, respectively.  

Spectra attributes O2 

plasma 
UV- 

ozone 
O2 

cracking 
Acid 

oxidation 

C 1s 

Peak Assignment BE / eV BE / eV BE / eV BE / eV 

C1 Bulk sp3 Cd–Cd 285.2 285.3 284.6 285.2 
C2 Surface sp2 

C=C 
283.8 283.9 283.3 283.6 

C3 Cd–O 286.6 286.7 286.5 286.4 
C4 Cd=O 288.2 288.3 287.4 287.7 
C5 Surface sp3 

Cd–Cd 

– – 285.3 – 

O 1s 
O1 Cd=O 531.1 531.1 531.1 531.1 
O2 Cd–OH 532 531.9 532 531.9 
O3 Cd–O–Cd 532.7 532.6 532.8 532.7  
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formation of a graphitic phase. These results are also consistent with 
previous findings [18,37], and they are further supported by the LEED 
pattern and the EF-PEEM map of acid oxidation (see sections 3.1 and 
3.3). 

To gain insights into the oxygen-containing functionalities, further 
analysis of the chemical components of the O 1s peak obtained through 
different oxidation techniques was conducted (Fig. 4(b)). The results 
show a range of oxidation levels and a diversity of functional groups (i.e. 
Cd–O–Cd, Cd–OH and Cd=O) present on the surface. In plasma oxidation, 
O2 molecules are excited to higher energy states and ionised by energetic 
electrons in a DC field, and O2 can also be dissociated into O atoms. The 
ionised species (O2

+, O+, etc.) are then accelerated onto the diamond 

surface through the DC bias, colliding with neutral species (O atoms, O2 
molecules) along the way, and imparting downward motion to them via 
momentum transfer. Thus, the surface is bombarded with a range of ions 
and neutral species with high kinetic energy sufficient to overcome any 
activation barriers for oxidation reactions. O atoms, especially, having 
two dangling bonds, can react with the surface resulting in the formation 
of Cd–O–Cd groups, in agreement with prior studies [18,25]. 

In contrast, UV-ozone treatment involves the decomposition of ozone 
gas by UV light, producing both O2 and atomic O. The kinetic energy of 
the atomic O generated through this process is significantly lower 
compared to those produced by the O plasma, thus atomic O reactions 
with the surface predominantly form Cd=O or Cd–OH functional groups 

Fig. 3. Core-level XPS spectra of O 1s with corresponding peak components for O1-O3 (see Table 1) for different oxidation methods: (a) plasma oxidation, (b) UV- 
ozone, (c) oxygen cracking and (d) acid treatment. 

Table 2 
Relative surface compositions of C and O and their different surface structures for the oxygenated diamond (100) samples, as determined from C 1s and O 1s core-level 
XPS spectra. Note that the analysis is the outcome of a series of experiments, with each oxidation method consisting of five identical samples. The mean values were 
taken with the error limits of 0.1-0.7% for each chemical composition.  

Method Relative surface composition / % Chemical compositions / % 

C 1s O 1s 

Cd O sp3 a sp2 Cd–O Cd=O Cd–O–Cd Cd–OH Cd=O 

O2 plasma 92.6 7.4 87.9 3.6 6.8 1.7 52.1 37.1 10.8 
UV-ozone 92.4 7.6 88.5 2.8 4.9 3.8 18.4 33.7 47.9 

O2 cracking 95.7 4.3 93.5 a 1.5 4.1 0.9 71.5 13.3 15.2 
Acid oxidation 89.6 10.4 78.6 10.2 7.8 3.4 25.7 51.3 23.0  

a Sum of bulk sp3 and surface sp3 carbons. 
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[41,42]. 
In the case of O2 cracking, the formation of atomic O is typically 

facilitated through thermal-energy-induced dissociation of O2 mole-
cules, which closely resembles the mechanism of plasma oxidation. This 
also results in the formation of Cd–O–Cd bonds. 

Finally, acid treatment of diamond typically leads to the production 
of a mixture of 

Cd–OH and Cd=O groups, with a roughly equal ratio. This outcome is 
the result of a synergistic effect between the decomposition of the acid 
mixture and its reaction with the diamond surface. 

Hydrogenated SCD (100) treated with the O2-cracking method ex-
hibits the highest concentration of Cd–O–Cd bonds (71.5%) amongst 
other oxidation methods, as shown in Fig. 4(b). However, it is significant 
that the determination of ether bonding for the O2 cracking treatment 
may not be entirely reliable as only partial surface coverage (0.57 ML) 
has been achieved. Therefore, the next highest concentration of the 

Cd–O–Cd group (52.1%) obtained by the plasma treatment can be 
deemed a trustworthy estimate. In contrast, the concentrations of Cd–OH 
bonding following O2 cracking (13.3%) and plasma treatment (37.1%) 
are less than that produced by acid oxidation (51.3%), as expected and 
consistent with the literature [18]. 

Considering the importance of the findings for ether and hydroxyl 
groups, a thorough analysis of the latter component (Cd=O) is impera-
tive, as it has been determined through density functional theory (DFT) 
calculations in our previous study that Sc preferentially adsorbs on the 
ketone-oxygenated diamond (100), resulting in the highest adsorption 
energy and the largest NEA [43] yet reported. Wet-chemical oxidation 
has been traditionally the preferred method for inducing the formation 
of a carbon-oxygen double-bond on the oxidised diamond surface. 
However, acid oxidation of the H-terminated diamond surface produced 
a Cd=O concentration of only 23.0%, a decrease of 1.5 times compared 
to previous results [18]. By comparison, UV-ozone irradiation was found 
to yield the highest concentration of Cd=O bonds observed, reaching 
47.9%. This result is consistent with the calculated amount of Cd=O 
groups (44%) from the deconvoluted C 1s peak. The results acquired 
from the chemical-composition analysis of the four O-terminated dia-
mond samples set the stage for subsequent electronic and structural 
studies. 

3.3. Electronic Structure 

With a focus on gaining insights into the electronic structure of 
diamond, we now turn to the examination of the four oxygenated 
samples using a combination of EF-PEEM and UPS measurements. The 
WF maps generated by EF-PEEM scans provide a qualitative assessment 
of the sample surfaces at the microscopic level. Supplementing these 

data with comprehensive UPS analysis yields valuable insights into the 
interplay between the valence band (VB) density-of-states (DOS) and 
chemical-bonding states in the region of interest. Utilising these two 
different methods, the WF values of the O-terminated SCD (100) samples 
were determined and compared. 

The average WF values for the oxidised diamond (100) surfaces are 
presented in Fig. 5, depicted through colour-coded maps. Notably, the 
WF magnitudes of the O-terminated SCD (100) samples exhibit signifi-
cant variation, ranging from 4.57± 0.02 eV to 5.92± 0.02 eV, depending 
on the oxidation technique used (see Table 3). To create a colour-coded 
map of the real-space WF data acquired across the sample surface, the 
EF-PEEM images in the area of interest were selected pixel by pixel, 
following the procedure outlined in Ref. [10]. The photoemission 
threshold for each pixel in the map was calculated using Eqn. (2): 

I =
Imax

2
erfc

(
ϕ − (E − EF)

σ
̅̅̅
2

√

)

+ Ioff (2)  

where Imax is the maximum intensity of each pixel, Ioff is the intensity 
offset, ϕ is the average WF and σ is the standard deviation of the 
Gaussian distribution resulting from the energy broadening [44]. 

In contrast to the H-terminated (100) surface from Fig. S3(b), the 
colour-coded maps of all oxidised diamond samples, excluding the UV- 
ozone-treated one, show inhomogeneity with micron-sized blemishes 
appearing across the surface. This is not surprising, as O-termination 
typically results in etching (or even damaging) of the sample surface due 
to the reactive nature of atomic oxygen generated by various oxidation 
techniques [45,46]. Although the O-terminated sample produced by O2 
cracking displays a significantly lower WF (~4.73 eV) compared to 
samples oxidised by the other three methods, the single-crystal surface is 
probably damaged due to the high kinetic energy of the thermally 
cracked atomic fragments (Fig. 5(c)). Similarly, the O-terminated sam-
ple after acid oxidation exhibits a lower WF value of 5.04 eV and a 
substantially etched surface, as shown in Fig. 5(d). In contrast, the UV- 
ozone-treated sample exhibits the highest WF magnitude of ~5.92 eV 
among the samples studied, consistent with the previous study [24], 
despite the presence of only a few submicron spots on a highly uniform 
surface over a scale of 37.5 μm (Fig. 5(b)). Overall, the EF-PEEM results 
are in close agreement with the findings from the SPA-LEED study dis-
cussed in the previous section. 

Fig. 6 presents the energy distribution of secondary electrons for the 
four oxidised (100) SCD samples, as determined by region-selected UPS 
analysis. This method also verifies the oxidation state of the samples. 
The oxidation of the H-terminated surface significantly reduces the in-
tensity of the NEA peak at higher binding energies, as indicated by a 
comparison of the UPS spectra of the oxygenated surfaces in Fig. 6(a) 

Fig. 4. Relative concentrations of the (a) C 1s and (b) O 1s components resulting from four distinct oxidation methods. The values are taken from Table 2.  
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with those of the H-terminated diamond (100) sample from Fig. S3(a). In 
the UV-ozone-treated sample, for instance, the high cut-off energy is 
shifted to 15.41 eV, resulting in a kinetic-energy value that exceeds the 
band gap, characteristic of a surface with PEA [47]. Furthermore, 
intense valence band (VB) emissions observed at ~3.7 eV and 8.5 eV are 
attributed to O 2p states [48]. The intensity of these features changes 
depending upon the oxidation method used. 

While EF-PEEM scans offer an averaged value of WF over a relatively 
larger surface area (up to 40 μm diameter), the UPS technique provides a 
more precise measurement of the WF in the region of interest. The full- 
scale UPS spectra for the O-terminated diamond (100) samples (Fig. 6 
(a)) is divided into two regions of interest: region I corresponds to the 
conduction band (CB) states, and region II denotes the valence band 
(VB) states. A higher energy cut-off relative to the Fermi level (EF) is 
determined by linear extrapolation in region I (Fig. 6(b)). In the same 
manner, the valence band maximum (VBM) position is calculated from 
the EF position (Fig. 6(c)), as demonstrated previously [10,24,25]. 
Consequently, the WF of the O-terminated surfaces is calculated as the 
difference between the excitation energy of 21.22 eV (He(I)) and the cut- 
off energy, whilst the electron affinity, χ, is determined using Eqn. (3): 

χ = ϕ+(EF − EVBM)− Eg (3)  

which considers the WF, ϕ, the position of the VBM relative to EF, and 
the experimental band gap (Eg = 5.47 eV) for diamond. Experimentally 
measured values of ϕ (i.e. EF-PEEM and UPS) and the VBM (XPS and 
UPS) are tabulated in Table 3 alongside the electron affinity, χ, magni-
tudes. For all oxidised samples, the VBM from XPS analysis was calcu-
lated in the same manner as for the H-terminated surface (see Section 
S1) [9]. 

Although measured WF values from the UPS study were relatively 
lower than those obtained from EF-PEEM scans, the experimental results 
show a discrepancy of only around 2% between the two methods. 
Moreover, these findings demonstrate that the highest values of WF and 
EA, after UV-ozone oxidation, are 5.79 eV and 1.74 eV, respectively, in 
excellent agreement with prior work [47]. In contrast, the O2-cracking 
method exhibits the lowest WF magnitude of 4.65 eV and a slight PEA of 
0.21 eV. This is not surprising as the surface coverage was only partial, 
albeit exceeding half-monolayer coverage (0.57 ML), implying some H 
atoms at the surface were not fully replaced. In comparison, despite the 
O coverage for the acid treatment being greater than a full ML (1.38 ML), 
this sample has the next lowest WF value amongst the oxidation 
techniques. 

The variation in the WF values between four different oxidation 
techniques can be attributed to the composition of specific components 
in the O termination. For example, acid oxidation had more than half 
(51.3%) of its chemical bonds as Cd–OH. As a result, according to the 
DFT study by Larsson [49], the OH-terminated BDD (100) surface 
possessed a lower WF value of 4.0 eV than that of the other two termi-
nations, Cd–O–Cd (4.7 eV) and Cd=O (5.0 eV). This finding also accounts 
for why the O-terminated sample treated with the UV-ozone method 
exhibited the greatest WF value compared to those from other methods. 

4. Conclusions 

In this study, the surface oxidation of SCD (100) surfaces was studied 
using four distinct oxidation techniques, namely oxygen plasma, UV- 
ozone irradiation, acid treatment and oxygen thermal cracking. The 
oxidised samples underwent systematic analysis using various 

Fig. 5. Colour-coded work function maps of the four oxygenated single-crystal diamond (100) surfaces after treatment with (a) O2 plasma, (b) UV-ozone, (c) O2 
cracking, and (d) acid oxidation. The field of view for each map is 37.5 μm. 

Table 3 
Experimentally determined values of the electronic structure of the O-termi-
nated diamond (100) surfaces. Note: χ values are calculated from the results of 
the UPS analysis.  

O-termination method VBM / eV ϕ / eV χ / eV 

XPS UPSa UPS EF-PEEM 

O2 plasma 1.29 1.38 5.27 5.38 1.18 
UV-ozone 1.37 1.42 5.79 5.92 1.74 

O2 cracking 0.68 1.03 4.65 4.73 0.21 
Acid oxidation 1.33 1.36 4.93 5.04 0.82  

a The values are indicated with a negative sign in Fig. 6(c), as the Fermi level is 
set to zero. 
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characterisation techniques (SPA-LEED, XPS, UPS, and EF-PEEM) to 
investigate the surface coverage, the concentrations of different carbon 
and oxygen components, as well as the surface electronic structure. The 
results obtained reveal that the electronic structure of O-terminated 
diamond (100) surfaces varies significantly depending on the oxidation 
technique used for surface treatment. Particularly, O2-plasma and 
thermal-cracking methods yield more ether configurations (52.1% and 
71.5%, respectively), while UV-ozone and acid-oxidation treatments 
favour ketone (47.9%) and hydroxyl (51.3%) groups. Moreover, the 
observed differences in the WF values of the four oxygenated diamond 
surfaces, which varied between 4.65 eV and 5.79 eV, were significantly 
influenced by oxygen-containing functional groups, consistent with 
earlier DFT predictions [49]. Thus, this finding reinforces the significant 
role of these functional groups in shaping the electronic properties of O- 
terminated diamond, which make it suitable not only for applications 
such as thermionic cathodes or vertical Schottky diodes (i.e. the metal-
–O–Cd system) but also pave the way for the fabrication of quantum 
sensors utilising the nitrogen-vacancy (NV) centre in diamond. 
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