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A B S T R A C T

Realizing stable negative electron affinity (NEA) in diamond remains a key challenge for electron emission and 
related applications. Here, we present a strategy to form a novel FeO-terminated diamond surface, enabling 
controlled tuning of its electronic structure. The chemical and electronic properties of the resulting interface 
were investigated using core-level and valence band photoemission spectroscopy. Iron preferentially reacts with 
surface hydroxyl groups, forming

an Fe2+ oxide layer and generating Fe–O–C interfacial dipoles that drive the transition of the diamond surface 
from positive to NEA. The behaviour of the system as a function of Fe coverage reveals a saturation regime, with 
optimal modification achieved at ~1 monolayer equivalent, where the work function is reduced to 4.2 eV, and 
the NEA reaches − 0.4 eV. Notably, valence band photoemission provides the first evidence of well-defined oxide- 
specific Fe 3d states in this class of metal-based terminations, demonstrating the formation of a semiconductor- 
semiconductor interface. These findings establish FeO-terminated diamond as a promising platform for elec
tronic, electron emission, and photocatalytic applications.

1. Introduction

Diamond has attracted considerable interest as an advanced material 
because of its outstanding mechanical strength, high thermal conduc
tivity, and unique electronic characteristics [1]. As a result, continuous 
research has significantly broadened its range of applications, especially 
in energy conversion technologies. In this context, diamond has been 
widely investigated as a low work function (WF) cathode in thermionic 
energy converters (TECs), where thermionic emission enables higher 
efficiencies compared to conventional photovoltaic systems [2–4]. 
Beyond energy conversion, diamond has also found applications in a 
variety of electronic and optoelectronic systems, including secondary 
electron emission devices [5], field effect transistors (FETs) [6], and cold 
cathodes [7]. Moreover, diamond can act as a solid-state source of sol
vated electrons [8], facilitating a wide range of crucial reduction re
actions [8–10].

A common feature underlying these diverse applications is the 
negative electron affinity (NEA) exhibited by diamonds with specific 
surface terminations. NEA is an exceptional condition in which the 

vacuum level lies below the conduction band minimum (CBM), such that 
electrons at the CBM can be emitted into vacuum without an energy 
barrier, corresponding to an effectively reduced WF [9,11]. Wide band- 
gap materials like AlN [12], c-BN [13] and, most notably, diamond 
[14,15] are known to exhibit this property.

The formation of NEA in diamond is strongly governed by surface 
dipoles. Among the various terminations studied to date, hydrogen- 
terminated diamond exhibits some of the lowest NEA values [16–19]. 
In this case, the C–H bond induces a surface dipole oriented outward 
due to the higher electronegativity of carbon compared to hydrogen 
[20]. However, hydrogen-terminated surfaces suffer from poor stability 
as hydrogen can desorb, and the surface readily oxidizes under air 
exposure or thermal and photon-induced excitation [11,19] This insta
bility leads to degradation in device performance, limiting practical 
applications.

In contrast, oxygen-terminated diamond surfaces are significantly 
more stable. These systems have been shown to withstand prolonged air 
exposure and annealing at temperatures exceeding 700 ◦C under ultra- 
high vacuum (UHV) conditions [21]. Oxygen termination can be 
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achieved through various methods, including wet chemical oxidation in 
strong acids, oxygen plasma treatment, and UV-assisted ozone process
ing [22–24]. However, oxidation typically results in increased surface 
roughness and non-uniform WF distribution. [22,25–27] More impor
tantly, oxygen termination reverses the surface dipole orientation, 
shifting the WF above the CBM, thereby inducing positive electron af
finity (PEA) [20] and suppressing the desirable NEA properties.

To address these limitations, research has increasingly focused on 
surface terminations that combine the stability of oxygen-based systems 
with the dipole required for NEA. One promising approach involves 
metal–oxygen–carbon (M–O–C) configurations, where the metal (M) is 
selected based on its electronegativity difference with oxygen [11]. This 
arrangement enables the formation of a more complex dipole, arising 
from the combined contributions of the metal, oxygen, and carbon 
atoms. Several metals, including Li [28,29], Sc [30], Sn [31,32], Al and 
Ti [33], have been explored to tailor the electronic properties of dia
mond surfaces. These systems generally exhibit enhanced stability due 
to the stronger M–O and C–O bonds compared to C–H bonds.

Alternatively, direct metal termination of diamond surfaces through 
M–C (carbide) bond formation has also been investigated [17,34]. 
However, such systems tend to exhibit lower stability under light irra
diation and air exposure, owing to the strong affinity of metals for ox
ygen, which promotes surface oxidation over carbide preservation.

In this work, we investigate the formation and characterization of 
FeO surface terminations on polycrystalline diamond (PCD). The syn
thesis is optimized and the surfaces are characterized by core-level and 
valence band photoemission spectroscopy at varying iron coverages on 
O-terminated PCD. We aim to determine how iron incorporation mod
ifies the diamond band structure and whether the WF and NEA can be 
tuned through controlled deposition, using PCD as a scalable and tech
nologically relevant alternative to single-crystal diamond (SCD). This 
approach is motivated by the substantial electronegativity difference 
between Fe (1.83) and O (3.44) [35,36], which suggests favourable 
conditions for dipole formation and makes iron a promising surface 
adsorbate.

2. Materials and methods

Freestanding boron-doped PCD substrates (product code: 145–500- 
0030) were purchased from Element Six Technologies Ltd. (Ascot, UK). 
Boron-doped diamond (BDD) was selected as the starting material 
because photoemission measurements require conductive substrates to 
avoid surface charging effects. According to the supplier specifications, 
the boron concentration is in the range of 2–6 × 1020 atoms/cm3. The 
surface topography was subsequently characterized using a 3D laser 
scanning confocal microscope (Olympus LEXT), revealing an average 
surface roughness (Ra) better than 25 μm (Fig. S1 in Supporting Infor
mation). Laser Raman spectroscopy (Renishaw 2000) was also employed 
to investigate the structural quality and bonding characteristics of the 
diamond, with particular attention to the identification of sp3 carbon 
features and possible defect-related contributions (Fig. S2).

Although the present study focuses on the macroscopic surface 
morphology characterized by 3D laser scanning confocal microscopy 
(Fig. S1), future studies employing tip-enhanced Raman spectroscopy 
(TERS), high-resolution transmission electron microscopy (TEM) or 
scanning tunneling microscopy (STM) could provide nanoscale insights 
into the relationship between local morphology, surface chemistry, and 
electronic properties.

Prior to use, the substrates were cleaned in a boiling acid mixture for 
3 h to remove residual metal contamination from backside mechanical 
polishing, following Ref. [22]. After cleaning, O-termination was ach
ieved by oxygen plasma treatment using the Tucano multipurpose 
plasma system from Gambetti Vacuum Technology. The plasma condi
tions were 100 W of forward power, 1.0 W of reflected power, − 170.3 V 
of DC bias, an oxygen flow rate of 40.0 standard cubic centimetre (sccm) 
and a pressure of 6.9 × 10− 1 mbar.

The sample was subsequently transferred into an UHV system, where 
metal deposition, thermal treatments and surface analysis were carried 
out without breaking vacuum. An annealing at 300 ◦C for 1 h was per
formed to remove adventitious carbon and water, further improving 
surface cleanliness [16,25,37]. Iron deposition was carried out by 
electron-beam physical vapor deposition (e-beam PVD) using an EBE-4 
evaporator (SPECS GmbH) in the UHV preparation chamber. No cruci
ble was used, since Fe was evaporated directly from a high-purity Fe rod 
(99.99 + %, Mateck GmbH) with a diameter of 2 mm, which served as 
the source material and was gradually heated to the target power over 
approximately 10 min. After a 10 min thermalization period at the target 
power, the deposition was initiated by opening a mechanical shutter. 
The sample was positioned approximately 20 cm away from the metal 
source and perpendicular to the metal flux to minimize shadowing ef
fects. The deposition was performed at a voltage of 1079 V, a filament 
current of 2.8 A, and an emission current of 6.7 mA, corresponding to a 
power of 7.2 W. As described later, for the main results of this work, the 
sample temperature was kept constant at 230 ◦C during deposition.

The deposition rate was calibrated through a combination of 
photoemission measurements, primarily by monitoring the evolution of 
the Fe 2p core-level spectra as a function of deposition time. In partic
ular, the relative contribution of metallic iron (i.e., non-reacted Fe on 
the surface) was used as an indicator of coverage: the absence of a 
metallic component corresponds to sub-monolayer coverage, whereas 
its increase indicates coverage exceeding one monolayer. Based on this 
analysis, one monolayer equivalent (MLE) of Fe is reached after ~10 
min of deposition. Notably, additional photoemission results indicate a 
change in the electronic structure at 1.0 MLE, consistent with the 
attainment of a surface a saturation state (see in Section 3).

Core-level photoemission analyses were performed using X-ray 
photoemission spectroscopy (XPS) with a non-monochromatic Al Kα 
source (1486.7 eV). Spectra were acquired with pass energies of 50 eV 
for surveys and 20 eV for high-resolution measurements. Ultraviolet 
photoemission spectroscopy (UPS) measurements were carried out using 
a discharge lamp producing He(I) radiation (21.2 eV), with a pass en
ergy of 2 eV. During UPS measurements, sample was biased at − 25 V to 
enable accurate WF determination. The overall energy resolution of the 
UPS measurements was estimated to be ~0.1 eV, primarily limited by 
thermal broadening at room temperature. All spectra were acquired in 
normal-emission geometry and energy-referenced to the metallic Mo 3d 
core level (XPS) and the Fermi edge (UPS) of the sample holder. Mea
surements were performed using an ESCALAB MKII VG analyzer. XPS 
spectra were analyzed with XPSPEAK41 software (version 4.01) after 
Shirley background subtraction and fitted with Voigt line shapes, 
whereas UPS data were processed using Igor Pro (version 9.0). All 
relative component analyses for XPS were performed using the indi
vidual peak areas obtained from fitting, normalized to the total area 
determined by integrating the overall Shirley-background-subtracted 
peak envelope.

Since XPS and UPS measurements were performed in normal- 
emission geometry over a large analyzed area, the reported intensities, 
Fe coverages, WF values, and EA values should be interpreted as average 
surface properties of the rough pyramidal PCD surface (Fig. S1) rather 
than local values representative of an atomically flat surface.

3. Results and discussions

3.1. XPS characterization

The as-prepared O-terminated PCD surface was characterized by XPS 
to establish a reference for subsequent Fe deposition. Fig. 1(a,b) shows 
the deconvolution of the C 1s and O 1s core-level spectra of the O- 
terminated PCD, respectively, before and after each Fe deposition step. 
Survey spectra for each deposition are reported in Fig. S3.

For the O-terminated PCD, the main feature of the C 1s spectrum 
corresponds to the bulk C–C sp3 component at a binding energy (BE) of 
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284.5 eV [29,38]. Oxidation is evidenced by two additional components 
at 285.7 eV and 287.4 eV, attributed to the C–O and C––O (carbonyl) 
groups [21]. A minor component (2%) at 282.2 eV is assigned to the sp2 

C–C bonds, expected on a PCD sample due to surface defect inherently 
present and generated by the doping process [24].

The O 1s spectrum can be deconvolved into three components at 
530.6 eV, 532.0 eV and 532.8 eV, corresponding to the C––O, C-OH and 
C-O-C functional groups, respectively [22]. Among these, single bond 
carbon‑oxygen species (C–O and C–O–C) represent the dominant con
tributions in both the C 1s and O 1s spectra. Stoichiometric analysis, 
based on the C–O component of the C 1s and the combined C–OH and 
C–O–C contributions of the O 1s, yields a composition of CO0.78, after 
normalization using sensitivity factors. A comparable value of CO0.80 is 

from O 1s analysis by accounting for one and two C atoms per C–OH and 
C–O–C group, respectively. This agreement supports the reliability of the 
spectral deconvolution and species assignment.

To investigate the behaviour of Fe deposited on the O-terminated 
PCD, a series of depositions was performed with increasing deposition 
times of 3, 5, 10, 15, and 20 min. These durations correspond to specific 
fractions of a monolayer, calibrated as described in Section 2, and are 
equivalent to 0.3, 0.5, 1.0, 1.5, and 2.0 MLEs, respectively. All de
positions were carried out at a fixed sample temperature of 230 ◦C to 
ensure sufficient surface mobility of Fe atoms while minimizing changes 
in the sticking coefficient [39] and preventing desorption or modifica
tion of oxygen functional groups [21]. After each deposition step, the 
surface was characterized by XPS.

Fig. 1. Deconvolution of (a) C 1s and (b) O 1s spectra for each deposition step, obtained by peak fitting and normalized to the C 1s area. (c) Relative area of the C–O/ 
C–O–Fe component in the C 1s (black) and the C–O–Fe component in the O 1s (red) as function of the coverage.
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As shown in Fig. 1(a), the most prominent change upon Fe deposition 
is the progressive increase in the C–O component of the C 1s spectrum. 
This feature is therefore attributed not only to the original C–O groups 
but also to the formation of a new C–O–Fe contribution. The relative 
area of this component increases from around 10% for the O-terminated 
surface to ~35% after 1.0 MLE deposition, after which it stabilizes, 
indicating the attainment of a saturation regime (Fig. 1(c)). The com
plete evolution of peak areas is summarized in Table 1.

The assignment of a new C–O–Fe component, with a BE close to that 
of C–O, is supported by the fully in-situ synthesis and characterization 
under UHV conditions, where adsorption of additional O or C species is 
highly unlikely. The observed increase in the C–O peak is therefore 
related to the formation of this new contribution, which overlaps with 
the existing components and cannot be resolved within the experimental 
energy resolution. Furthermore, the increase in the C–O/C–O–Fe 
component is accompanied by a decrease in the sp3 C–C bulk contri
bution, which originates from deeper regions of the material and is 
progressively attenuated by the deposited Fe overlayer [40].

In contrast, the O 1s spectrum exhibits the emergence of a distinct 
new component at 531.1 eV with increasing Fe coverage, as depicted in 
Fig. 1(b). Additionally, a systematic shift of the overall O 1s line toward 
higher BEs (~ +0.2–0.3 eV) is observed relative to the O-terminated 
PCD surface. This shift can be attributed to modifications of the surface 
dipole induced by Fe–O bond formation, characterized by an electro
negativity difference of 1.61 (Pauling scale [35]), with the negative pole 
on the O and the positive pole on the Fe. The resulting outward-oriented 
dipole increases the energy required for electron emission, leading to a 
shift toward higher BEs.

Conversely, the C–O/C–O–Fe component in the C 1s core-level peak 
shifts toward lower BE (i.e., toward the sp3 C–C bulk component). The 
separation between these two components decreases from +1.2 eV for 
the O-terminated surface to +0.7 eV at 1.0 MLE, remaining constant at 
higher coverages. This opposite shift behaviour between the C 1s and O 
1s photoemission peaks is consistent with previous studies on diamond 
surface terminations, such as the transition from H- to O-terminated 
diamond [22,25,41] and signals a change in the electronic surface 
properties.

The electronegativity difference between Fe and O leads to signifi
cant charge transfer from Fe to O, influencing the BE of the C–O–Fe 

component in the O 1s peak. This component is located at approximately 
+0.3 eV and − 1.2 eV relative to the C––O and C–OH peaks, respectively. 
The higher electron-withdrawing capability of the C––O group arises 
from π bond delocalization, which concentrates electron density on the 
oxygen atom. In contrast, the C-OH group involves only a σ bond, 
lacking such delocalization. Although the Fe–O interaction results in 
substantial electron transfer to oxygen, this effect remains weaker than 
the π-delocalization in the carbonyl group. Consequently, the BE of 
oxygen in C–O–Fe lies between that of C––O (lower BE) and C–OH 
(higher BE).

With increasing Fe deposition, the relative area of the C–O–Fe peak 
increases from 3% after the first deposition step to about 16% at 1.0 MLE 
(Fig. 1(c)). Concurrently, the C–OH component decreases, while the 
combined area of C–OH and C–O–Fe remains nearly constant. This 
behaviour suggests that Fe preferentially reacts with C–OH sites, with 
minimal interaction with the more stable C–O–C and C––O functional 
groups.

Fig. 2(a) shows the deconvolution of the Fe 2p peak as a function of 
deposition. The fitting model focuses only the Fe 2p3/2 region and in
cludes three components: two associated with iron oxide [42] and one 
with metallic iron [43]. At low coverages (0.3 and 0.5 MLE), only oxide- 
related components are observed, with BEs of 709.9 eV and 714.0 eV 
[42,44]. The absence of satellite features around 720 eV, together with 
the peak shape, indicates the predominance of Fe2+ species [44]. These 
results suggest that, at low coverages, deposited iron fully reacts with 
the oxygen-terminated surface to form specifically Fe2+oxide.

At higher coverages, a metallic Fe component emerges at ~707.1 eV 
[44]. Its relative intensity increases nearly linearly with deposition time, 
as shown in Fig. 2(b), increasing from 2% at 1.0 MLE to 13% at 2.0 MLE. 
The observation that ~98% of iron is oxidized at 1.0 MLE supports the 
accuracy of the deposition calibration. Furthermore, the progressive 
increase of the metallic component is consistent with excess Fe forming 
an overlayer on top of the oxide, which no longer interacts with the 
substrate.

Stoichiometry analysis, based on the two oxide components of the Fe 
2p3/2 spectrum and the C–O–Fe contribution in the O 1s peak, yields a 
composition close to FeO0.96, confirming the presence of Fe2+ oxide on 
the surface. It is worth noting that the stabilization of Fe2+ at sub- 
monolayer coverage is a well-known phenomenon under UHV 

Table 1 
BEs and relative peak areas derived from the deconvolution of the C 1s and O 1s spectra.

C 1s O 1s

Sample Component BE (eV) Relative peak area Sample Component BE (eV) Relative peak area (%)

O-term. C-C sp3 bulk 284.5 84 O-term. C=O 530.6 13
C-O 285.7 10 C-OH 532.0 54
C=O 287.4 3 C-O-C 532.8 36
C=C sp2 surf 282.6 2 – – –

0.3 MLE C-C sp3 bulk 284.5 73 0.3 MLE C=O 530.8 13
C-O/C-O-Fe 285.4 21 C-OH 532.3 58
C=O 287.5 4 C-O-C 533.1 27
C=C sp2 surf 282.7 2 C-O-Fe 531.1 3

0.5 MLE C-C sp3 bulk 284.5 64 0.5 MLE C=O 531.0 13
C-O/C-O-Fe 285.4 30 C-OH 532.4 57
C=O 287.4 4 C-O-C 533.2 22
C=C sp2 surf 282.6 2 C-O-Fe 531.2 10

1.0 MLE C-C sp3 bulk 284.5 59 1.0 MLE C=O 530.9 13
C-O/C-O-Fe 285.2 35 C-OH 532.3 40
C=O 287.4 4 C-O-C 533.2 34
C=C sp2 surf 282.6 2 C-O-Fe 531.1 16

1.5 MLE C-C sp3 bulk 284.5 59 1.5 MLE C=O 530.8 13
C-O/C-O-Fe 285.2 35 C-OH 532.2 32
C=O 287.4 3 C-O-C 533.1 33
C=C sp2 surf 282.6 3 C-O-Fe 531.0 21

2.0 MLE C-C sp3 bulk 284.5 59 2.0 MLE C=O 530.8 13
C-O/C-O-Fe 285.2 35 C-OH 532.3 35
C=O 287.4 3 C-O-C 533.1 36
C=C sp2 surf 282.6 2 C-O-Fe 531.1 21
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conditions [42,45]. The FeO stoichiometry remains essentially constant 
even with the appearance of a metallic Fe component at 1.5 and 2.0 
MLE. The only deviation is observed at 0.3 MLE, where the O: Fe ratio is 
~0.5, indicating a sub-oxidized state. This behaviour can be attributed 
to the very low iron coverage, where over coordination with oxygen 
atoms may occur. Additionally, the low signal intensity at this deposi
tion stage introduces higher uncertainty in the peak area determination.

Another important observation is that the emergence of metallic iron 
does not coincide with complete saturation of the O-terminated surface. 
In the O 1s core-level spectra at 1.0, 1.5, and 2.0 MLE, a residual C–OH 
component is still present in the deconvolution. This suggests that the 
surface is not uniformly covered by iron, likely due to the intrinsic 
roughness of the PCD substrate [46] Surface roughness and morpho
logical irregularities may hinder uniform adsorption and limit Fe 
accessibility to all reactive sites. Furthermore, the diffusion of Fe atoms 
may be restricted by this complex surface morphology, and the mild 
thermal conditions during deposition may not be sufficient to overcome 
these limitations. Consistently, the C––O and C–O–C components appear 
largely unaffected by Fe deposition, indicating that portions of the 

surface remain unreacted.
Alternative strategies to improve the formation of the Fe oxide layer 

deposition were also investigated, as schematized in Fig. 3. In particular, 
the effect of substrate temperature during deposition was examined by 
performing Fe deposition on O-terminated PCD at room temperature.

A deposition time of 10 min was used, corresponding to approxi
mately 1.0 MLE under the conditions of the main experiment (i.e., 
deposition at 230 ◦C). The resulting Fe 2p spectra are reported in Fig. S4.

Immediately after deposition, iron was predominantly in the metallic 
state, with a main component at ~707.3 eV, consistent with the for
mation of Fe nanoparticle agglomerates with limited contact with the O- 
terminated surface. Following annealing at 300 ◦C for 1 h under UHV, 
the dominant component shifted to FeO (~709.9 eV), although a non- 
negligible metallic contribution remained. This behaviour contrasts 
with the calibration obtained for deposition at 230 ◦C and can be 
attributed either to a higher sticking coefficient for Fe at room tem
perature [39] or to limited surface diffusion during post-annealing. 
Indeed, deposition on a heated substrate is generally more effective in 
promoting the uniform distribution of ultrathin overlayers compared to 

Fig. 2. (a) Deconvolution of Fe 2p3/2 peaks for each deposition step. (b) Relative area of the Fe0 metallic component as a function of the coverage.

Fig. 3. Schematic summarizing the experimental steps. The upper row shows the results of stepwise deposition performed at 230 ◦C, while the lower row presents the 
treatment steps carried out after deposition at room temperature.
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post-deposition annealing [47].
Further annealing at 500 ◦C for 1 h under UHV was performed to 

enhance Fe mobility and promote reaction with additional oxygen 
functionalities. However, this treatment led to an increase in the 
metallic component, suggesting a reduction of FeO and agglomeration 
into metallic Fe nanoparticles. An additional annealing step at 400 ◦C 
under an oxygen partial pressure of 5.2 × 10− 6 mbar for 1 h was carried 
out to re-oxidize the metallic iron. As shown in Fig. S4, the Fe 2p peak 
shifted to higher BE (~710.8 eV), characteristic of Fe3O4 [44]. This 
indicates that oxygen exposure promotes oxidation of Fe clusters, 
leading to the formation of magnetite islands rather than restoring the 
Fe2+ oxide phase.

These results demonstrate that controlled formation of the Fe–O–C 
termination is best achieved by depositing Fe on a heated substrate 
(~230 ◦C) while limiting the coverage to 1.0 MLE to avoid the formation 
of metallic Fe overlayers. Alternatively, a similar composition can be 
obtained by deposition at room temperature followed by post-annealing 
at 300 ◦C, as indicated by the green arrows in Fig. 3. Other deposition 

conditions may also lead to different results, for example, by employing 
an atomic oxygen source capable of oxidizing both Fe and the diamond 
surface [25]. However, this would introduce a much wider parameter 
space, whereas the approach based on Fe deposition at 230 ◦C provides 
an efficient and straightforward route to obtain the desired FeO-like 
surface termination.

3.2. Electronic structure

The electronic structure of the sample was characterized by UPS at 
each stage of the experiment. As for the surface analysis, the pristine O- 
terminated PCD was first measured as a benchmark for subsequent iron 
deposition. The valence band maximum (VBM) was determined by 
linear extrapolation of the leading edge of the valence band (VB) toward 
the Fermi level [17,29,30]. Although the absolute WF values may be 
affected by the local surface roughness [48], the deposition of ultrathin 
films does not alter the macroscopic features of the PCD surface 
(Fig. S1). Therefore, the roughness remains macroscopically comparable 

Fig. 4. (a) Work function determination, with dotted lines illustrating the linear extrapolation. (b) Valence band maximum (VBM) region, showing the Fe 3d state at 
~1.0 eV BE for 1.0 MLE coverage; spectra are normalized at 3 eV. (c) Electron affinity as a function of coverage. Schematic energy level diagram of (d) O-terminated 
PCD and (e) the 1.0 MLE Fe-deposited O-terminated PCD sample, with FeO states indicated.
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across the investigated samples, and the differences observed after the 
different treatments reflect real changes in the sample photoemission 
response.

The WF was extracted from the difference between the secondary 
electron cut-off and the excitation energy of the ultraviolet source (21.2 
eV), as illustrated in Fig. 4(a). While the determination of the WF is 
relatively straightforward due to the well-defined cut-off, the extraction 
of the VBM is less precise, as the valence band edge does not exhibit a 
sharp onset.

The CBM was then estimated using the diamond band gap of 5.47 eV 
[17,30]. Consequently, the electron affinity (EA) was calculated as the 
difference between the WF and the CBM. The relationship used for this 
calculation is reported in Eq. (1), as follows: 

EA = WF −
(
VBM+Eg

)
(1) 

The resulting electronic structure values, including WF, VBM, CBM 
and EA are summarized in Table 2.

Fig. 4(c) shows the progressive reduction of the EA, leading to the 
onset of NEA as a function of Fe coverage. The O-terminated PCD sample 
exhibits PEA of +0.9 eV, with a WF of 5.2 eV relative to the Fermi level, 
in good agreement with the literature [22]. Upon iron deposition, the 
sample progressively transitions from PEA to NEA, with EA decreasing 
from +0.7 eV at 0.3 MLE (WF = 5.2 eV) to − 0.4 eV at 1.0 MLE (WF =
4.2 eV).

At 0.5 MLE, the EA reaches a slightly negative value (− 0.04 eV), 
which is within the experimental uncertainty. Although this coverage is 
insufficient to fully induce NEA, the formation of Fe–O–C dipoles 
significantly reduces the EA of the O-terminated surface. This behaviour 
is consistent with the XPS results, including the evolution of the C–O–Fe 
component and the formation of FeO stoichiometry. At 1.0 MLE, a stable 
NEA of − 0.4 eV is achieved, corresponding to a WF of 4.2 eV. Beyond 
this coverage, the WF remains essentially unchanged, in agreement with 
XPS observations indicating surface saturation. At higher coverages 
(>1.0 MLE), excess iron remains in metallic form and does not 
contribute to additional Fe–O–C dipoles, thus limiting further reduction 
of the WF.

As shown in Fig. 4(b) and highlighted in Fig. S5, a new feature at 
~1.0 eV BE emerges from 1.0 MLE and is attributed to Fe 3d states of the 
FeO layer [49,50]. This indicates that the oxide layer retains its intrinsic 
electronic structure while modifying the diamond surface properties. 
FeO is a semiconductor with a band gap in the range of 2.0–2.4 eV in 
bulk [51–53] and ~ 2.12 eV in monolayer form [54]. The presence of a 
well-defined Fe 3d state suggests the formation of a semiconductor- 
semiconductor junction at the interface, which is crucial for tuning the 
electronic properties of the system. [33]

At 2.0 MLE, a clear electron density at the Fermi level is observed, 
confirming the presence of metallic Fe. Although the metallic compo
nent is not dominant in XPS (recall Fig. 2), it is clearly detected by UPS 
due to its higher surface sensitivity, indicating that the metallic Fe forms 
an overlayer on top of the oxide [55]. At 1.5 MLE, intermediate states 
between 0 and 2 eV are observed, corresponding to a mixture of FeO and 
metallic Fe contributions (see Fig. 4 and S5).

The VBM shifts from 1.3 eV for the O-terminated PCD surface to 1.0 
eV at 0.3 MLE, further decreasing to 0.9 eV at intermediate coverages 
and reaching 0.8 eV at 2.0 MLE. It should be noted that the uncertainty 

in VBM and EA increases at higher coverages due to the abovementioned 
overlap between metallic and oxide features.

Assuming a pinned bulk Fermi level located 0.29 eV above the VBM 
for heavily boron-doped diamond, as reported by Maier et al. [18], the 
surface band bending can be estimated to range from 0.9 to 0.6 eV. Fig. 4
(d) illustrates the band alignment for the O-terminated surface and the 
1.0 MLE sample, respectively, highlighting both the band bending and 
the shift of the WF below the CBM in the NEA regime. Fig. 4(d) also 
illustrates the occupied and unoccupied states of the FeO layer. While 
occupied states are directly observed in UPS [16], the unoccupied states 
are inferred by adding 2.12 eV [54] to the filled state. This results in 
well-defined in-gap states, which are of particular interest for future 
applications, such as photocatalysis and electron emission processes 
[56].

Overall, UPS results are consistent with XPS findings, confirming that 
a coverage of ~1.0 MLE produces the most significant modification of 
the electronic structure. The enhanced NEA at 1.0 MLE is further evi
denced by integrating the UPS spectra (Fig. S6), normalized to the dia
mond features at ~3 and ~ 8 eV, showing a 9–10-fold increase in 
photoemission intensity compared to the O-terminated surface.

4. Conclusions

We report the preparation and photoelectron spectroscopy charac
terization of a novel FeO-terminated PCD surface. Among the investi
gated growth strategies, deposition at 230 ◦C proved to be the most 
effective, enabling a systematic study of the electronic properties as a 
function of Fe coverage. Iron preferentially reacts with surface hydroxyl 
(–OH) groups, leading to the formation of an Fe2+ oxide layer. At low 
coverage (0.3 MLE), the resulting dipole density is insufficient to 
significantly modify the surface electronic structure, whereas at 0.5 MLE 
pronounced band bending and a substantial reduction in EA are 
observed. The optimal modification is achieved at 1.0 MLE, where the 
WF reaches a minimum value of 4.2 eV, and the EA becomes negative 
(− 0.4 eV). Further increases in Fe coverage do not improve the surface 
properties, as excess iron remains in metallic form and does not 
contribute to additional Fe–O–C dipole formation.

At 1.0 MLE, UPS measurements reveal Fe 3d states at ~1.0 eV, 
consistent with FeO formation, and indicate the emergence of a 
semiconductor-semiconductor interface. To the best of our knowledge, 
this is the first observation of oxide-specific electronic states in UPS for 
an M–O–C-terminated diamond surface. These results demonstrate that 
controlled Fe–O–C interfacial engineering enables the induction and 
tuning of NEA in diamond. The FeO–diamond system, combining 
interfacial electronic states with NEA, represents a promising platform 
for photocatalytic and electron emission applications under visible light.

The FeO-termination demonstrates the ability to induce NEA under 
controlled conditions; however, further dedicated investigations of its 
long-term environmental and high-temperature stability are required to 
assess its robustness under realistic operating conditions and its poten
tial for future applications. In addition, further electrical and nanoscale 
characterization, for example by conductive AFM or STM on well- 
defined SCD substrates, will be important to clarify the role of residual 
metallic Fe and thicker Fe-containing layers in the surface conductivity 
and local electronic properties of the FeO/diamond interface.
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1.5 MLE − 0.9 4.2 4.6 − 0.4
2.0 MLE − 0.8 4.2 4.7 − 0.5
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