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A B S T R A C T

The surface conductive and insulating states of microwave plasma hydrogenated diamond (HD) single crystal (1 
0 0) surfaces have been investigated by using electron diffraction, electron energy loss and photoemission 
spectroscopies. Before each experiment, the surface was exposed to air and left to reach the conductive state; 
then, after measurements, the sample was annealed in ultra-high vacuum, its surface reached the insulating state, 
and the measurements were repeated. We have determined coherently scattering domains average dimension of 
(2 × 1) reconstructed HD surfaces both in insulating and conductive state, resulting in a smaller dimension in the 
latter case, due to adsorbates inducing surface conductivity. Airborne adsorbates containing oxygen, which 
actively contribute to enhancing surface conductivity, are randomly distributed and cover about 23 % of the 
surface. Monte Carlo simulations show that the hydrogenation process produces hydrogen penetration beyond 
the topmost surface layer; this result supports X-ray core-level photoemission spectroscopy data interpretation. 
The role of oxygen and oxygen-related adsorbates in the surface conductivity of hydrogenated diamond has also 
been studied by using controlled exposure to atomic oxygen. We have found that oxygen adsorbs on the surface 
without bonding to carbon. This behavior contrasts with that of airborne adsorbates, which are the primary 
contributors to surface conductivity.

1. Introduction

Diamond is characterized by remarkable mechanical, chemical and 
physical properties [1,2], and the progress in their full exploitation is 
governed by challenges on both material production and deep 
comprehension of its characteristics. Among the extreme and unique 
features of diamond that enable applications in a variety of fields − from 
biological and chemical sensing [3] to thermionic emitters [4,5] and 
solar absorbers [6,7] − one of the most fascinating is the enhanced 
electrical (p-type) surface conductivity exhibited when hydrogen- 
terminated, which is several orders of magnitude higher than the bulk 
one [8]. Ever since its discovery in 1989 [9], the surface conductivity 
(SC) of hydrogenated diamond (HD) has been the subject of intensive 
studies, aiming both at the comprehension of the basic mechanism and 
its technological exploitation. The two-dimensional (2D) character of 

the SC has been proven by a low-temperature characterization of dia
mond in-plane gated field-effect transistors [10]; although it has been 
successfully used for high-power and high frequency electronic devices 
[11,12], with potential applications in spintronic applications [13], and 
even though stabilizing coatings are under development [14], a com
plete explanation for the basic mechanisms responsible of the SC in HD 
has remained elusive.

After the milestone experiment of Maier [8], which shed light on the 
necessity of both H termination and exposure to air to induce conduc
tivity in the diamond surface, and formulated a first electrochemical 
model to explain its origin, the topic has been the subject of debate [15]; 
further models have been developed with differently articulated ap
proaches [16–18], contextualizing the mechanism of the SC in HD as a 
specific case of a more general phenomenon – the adhesion of water on 
otherwise hydrophobic surfaces – particularly pointing out the 
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relevance of the chemical state of the surface itself [19]. The estab
lishment of SC requires that an additional adsorbate on the HD surface 
should act as an acceptor in order to create a 2D charge accumulation 
region and there is a general consensus that charge carriers are holes at 
up to few nanometer depth under the surface [20]. Such surface transfer 
doping gives rise to a fundamentally altered surface electronic structure 
from that of the bulk, as demonstrated by photoemission experiments 
supported by ab-initio density functional calculations, showing that in 
air-exposed (100) surfaces carriers are organized in a twofold band 
structure, with effective masses of about one half and twice the electron 
rest mass, respectively [21].

SC represents a specific topic of the more general theme of hydrogen 
interactions with diamond, because H can be entrapped in the diamond 
bulk during growth. In such a context, many investigations have been 
performed to clarify C–H bonding configuration and concentration and 
its influence on the chemical and physical properties of the host dia
mond matrix [22]. Likewise it is known that H-passivation of the dia
mond surface produces negative electron affinity (NEA) [23,24] by 
inducing a surface dipole layer, an energetic condition that favors the 
charge transfer responsible for the enhanced SC [25]; in this regard, it 
has been both experimentally and theoretically investigated how not 
only the hydrogen deposited on the diamond top layer but also the sub- 
surface hydrogen atoms may contribute to enhancing SC [26–29].

Besides this, the quizzing topic of which adsorbed molecular species 
is responsible for the surface charge transfer remains unanswered. This 
question has pushed for investigations aiming at stabilizing and maxi
mizing the carrier sheet density by controlled adsorption and desorption 
of selected chemical molecules on both hydrogen- and deuterium- 
terminated diamond [30–34], as well as by film deposition of transi
tion metal oxides both in ultra-high vacuum (UHV) [14,35–39] and 
using solution-processed methods [40]. According to Kubovic’s results 
[30], the most efficient species present in the atmosphere are all strong 
oxidant ones. This is not a trivial finding, insofar as oxygen itself exists in 
the atmosphere in molecular state and is present in several bonding 
configurations with hydrogen and carbon [41,42]; it is also worth 
noticing that these oxygen-related sites can contribute directly to the 
transfer-doping mechanism as argued by Maier [8], Bobrov [26], Sque 
[42], and/or act as catalysts as suggested by Riedel.[43].

It has been recently reviewed how interface details with electron 
accepting species modify in a striking way sheet resistance and char
acteristics of the resulting 2D hole gas [44]. In this context, it is 
mandatory to investigate the influence of the airborne adsorbates on the 
SC of HD, particularly the characterization of the C–H bond, as well as 
the specific role of oxygen, achieved by correlating macroscopic prop
erties with electronic structure. This approach has already been fruit
fully exploited: fine structures in photoelectron yield from HD surface 
have been identified as signatures of the loss and recovery of SC upon 
annealing in vacuum and exposure to different kinds of atmospheres 
[43]; the surface electronic structure of HD has been correlated with 
conductivity measurements by STM experiments [26]; spin–orbit 
interaction in the 2D-hole gas at the diamond surface has been linked 
with magneto-conductivity experimental results [45]; differences in 
valence band structures at Fermi level for bulk and surface HD corre
sponding to the insulating and conducting state of HD, respectively, 
have been highlighted [21].

In this work, we compare macroscopic and microscopic properties of 
diamond samples hydrogen-terminated ex-situ by microwave H-plasma. 
The sample conductive state has been correlated with elemental and 
morphological analysis by surface-sensitive techniques: scanning angle 
low energy electron diffraction (SA-LEED), electron energy loss spec
troscopy (EELS) and X-Ray Photoemission Spectroscopy (XPS) to 
investigate the C–H and C-O bond, performing experiments on 
conductive (air-exposed), non-conductive (in vacuum annealed) and 
after controlled O-exposure of HD sample surface.

2. Experimental methods

Hydrogenation and electrical characterization have been performed 
at the DiaTHEMA laboratory of the CNR-ISM on two single-crystal (100) 
commercial (Element Six Ltd) diamond squared plates (4.5 × 4.5 mm2 

surface area, 0.5 mm thickness), characterized by a minimal presence of 
impurities, called sample A and sample B. Sample A is a standard grade 
sample (with nitrogen and boron atomic concentrations < 1 and < 0.05 
ppm, respectively); sample B is an electronic grade sample (with nitro
gen and boron atomic concentration < 5 and < 1 ppb, respectively). 
Sample surfaces have been cleaned by acid treatment according to 
standard protocols as in ref [46] and hydrogenated in a microwave 
chemical vapor deposition (CVD) customized ASTeX S1500 reactor 
(substrate temperature of 700 ◦C, gas pressure of 40 mbar, microwave 
power of 1.2 kW, treatment time of 1 h).

To study the penetration depth of H ions into the diamond lattice 
during the plasma treatment, we have performed Monte Carlo simula
tions of the hydrogen plasma process in terms of collisions of H particles 
accelerated by a (equivalent) potential difference between the sample 
surface and the plasma reactor and subsequent implantation into the 
diamond lattice. To do this, we have used the SRIM 2013 software [47], 
in which every simulation consists of 105 ions impinging onto the dia
mond sample with a fixed angle and a kinetic energy corresponding to 
the potential difference between the sample and the H source.

Hydrogenated samples have been removed from the CVD chamber 
and exposed to air. Surface roughness of about 5 nm for the sample A 
and of about 0.5 nm over 1 μm radius (average value) for the sample B 
has been measured by AFM, respectively [48]. Electrical measurements 
have been performed in a high-vacuum and temperature electronic 
characterization apparatus, where a huge jump in resistance (from a few 
tens of kΩ up to a few TΩ) was registered upon annealing from room 
temperature (RT) up to over 500 ◦C. Resistance remained in the TΩ 
range after cooling the sample back to RT and dropped down to its initial 
value in few hours upon sample exposure to air. The reversibility of the 
switch from high- to low-conductivity regime has been verified by 
repeating the electrical measurements after exposure to air and subse
quent new annealing in vacuum. Details of the experimental setup and 
procedure can be pinpointed in [49]. These findings, while comparing to 
Maier’s results [8], provided us with a reliable recipe to prepare sample 
surfaces in conductive (air-exposed) and non-conductive (in vacuum 
annealed) regimes to be measured in the electron spectroscopy 
equipment.

The apparatus for electron spectroscopy experiments is located in the 
LaSEC laboratory of Roma Tre University [50]. Briefly, it consists of two 
UHV vessels in communication: a preparation and a main chamber. The 
main chamber hosts a monochromatized X-ray source and twin electron 
spectrometer (performing an overall XPS energy resolution of about 400 
meV in the present work). All photoemission spectra have been acquired 
by using a pass energy of 40 eV, except for the C 1s spectra reported in 
Fig. 5 with the corresponding fits, which have been measured with a 20 
eV pass energy. The main chamber is also equipped with a custom-made 
electron gun (e-gun) with an energy resolution of few tens of meV and 
low-to-mid current emission (10− 13− 10− 7 A). Its current emission is not 
a trivial characteristic in order to exclude radiation and electron-related 
damage, a well-known issue associated with the metastability of most 
allotropic forms of C upon electron bombardment [51]. We have used an 
e-gun current density of about 10-11 A/mm2 to perform EELS spectra, 
verifying reproducibility to exclude surface degradation due to electron 
irradiation. We have also used the e-gun in combination with the elec
tron analyzer to perform SA-LEED: the electron diffraction patterns have 
been obtained by scanning the sample polar angle while the electron 
spectrometer detected the rate of elastically scattered electrons at a fixed 
energy. Details of the technique can be found in [52,53]. Finally, the 
electron source has been also used as a flood-gun to preserve the net 
charge in the target area during XPS measurements on the non- 
conductive diamond surface: specifically, we increased the current (up 

S. Iacobucci et al.                                                                                                                                                                                                                               



Applied Surface Science 693 (2025) 162688

3

to an integrated intensity of few tens of nA, with 50 eV of kinetic energy) 
until we measured that core level binding energy no longer changed. 
The apparatus is also equipped with a temperature controlled five-axis 
manipulator, whose head is supplied with a tungsten filament used for 
sample annealing. The preparation chamber hosts a fast-entry system for 
sample introduction from air, a mass spectrometer for residual gas 
analysis and a conventional low-energy electron diffraction (c-LEED) 
system. Moreover, an oxygen dissociation system allows introducing 
molecular oxygen into the prep-chamber in a controlled fashion and to 
dissociate it by thermal cracking produced by a hot tungsten filament 
placed at a few centimeters from the sample.

In this work, SA-LEED measurements have been performed on sam
ple A, EELS and XPS on sample B. Following the recipe previously 
described, after hydrogenation both samples have been exposed to air 
for more than 12 h to achieve the surface conductive state. Then, they 
were measured and subsequently annealed in UHV at 450 ◦C to bring the 
surface to the non-conductive state and a new cycle of measurements has 
been taken. After that, XPS has been performed on B sample after 
controlled exposure to molecular O2 and atomic O. The percentage of O 
with respect to O2 has been checked by the mass spectrometer. Possible 
deposition of spurious oxide species on the sample, a critical issue of the 
method [54], has been found to be below the XPS detection limit.

3. Results and discussion

SA-LEED experiments have been used to determine the surface long- 
range order of HD samples in both the conductive and non-conductive 
states, providing insights into the effects of the atmospheric adsor
bates on the system morphology. Fig. 1 displays the diffraction pattern 
acquired at RT for 100 eV electrons, which are expected to provide 
surface sensitivity [55]. The two profiles are the measured intensities as 
a function of the parallel momentum exchanged during the angular scan 
− (0,0) corresponding to the specular reflection − for both conductive 
and non-conductive surfaces: the black line has been measured on the 
sample after air exposure and insertion into the UHV system, the red line 
has been measured after annealing in UHV. In the inset of Fig. 1 an 
example of c-LEED image measured on the annealed surface is also re
ported. The diffraction pattern of the (2 × 1) reconstruction, 

characteristic of the (100) HD surface [56], is clearly identifiable both in 
the diffraction profiles and the c-LEED image. In particular, the profiles 
acquired by SA-LEED along the direction corresponding to the dashed 
line in the c-LEED image allow for an analysis of the sample surface 
order by a comparison of the non– conductive and conductive surfaces 
on a quantitative ground. While the diffraction peak positions are un
changed, a higher signal-to-background ratio is evident in the non- 
conductive surface with respect to the conductive one.

By a fitting analysis of the diffraction patterns with a procedure 
described in [52,53], a quantitative estimation of the coherently scat
tering surface domain dimension has been done. The analysis is reported 
in Fig. 2, top panel for the non-conductive (annealed) state and bottom 
panel for the conductive (air exposed) state, respectively. The best fit of 
the non-conductive diffraction pattern is obtained via the sum of two 
signals given by surface (2 × 1) reconstruction and bulk diamond 
(purple shaded and green lines, respectively). Both (2 × 1) reconstruc
tion and bulk diamond signals are composed by a sum of peaks with 
equal Voigt line shape, whose positions are correlated, being expressed 
as a multiple of the reciprocal unit vector. In this way, the exchanged 
parallel momentum of the (− 1,0) peak is equal to twice the one of the 
(− 1/2,0) peak. In the Voigt profiles, the Gaussian width that is due to 
the apparatus transmission function has been imposed to be equal for all 
the peaks. The Lorentzian contribution is related to the sampled domain 
properties: the diameter of ordered domains is D = 4π /l, where l is the 
full width at half maximum of the Lorentzian function [57]. The fitting 

Fig. 1. SA-LEED profiles of (air-exposed) conductive (black line) and 
(annealed) non-conductive (red line) hydrogenated diamond (100)-2x1 sur
faces, respectively. (0,0) corresponds to the specular reflection; half-integer 
label peaks are associated with the surface reconstruction. In the inset, the 
correspondent 2D pattern measured on the non-conductive surface by a c-LEED 
system is also reported: the red dot-line indicates the scan direction of the 
sample polar angle along which the intensity distributions of the main figure 
are measured. Both SA-LEED and c-LEED experiments have been performed 
with 100 eV electrons. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)

Fig. 2. Best fit of the electron diffraction patterns of the non-conductive 
(annealed) (top panel) and conductive (air-exposed) (bottom panel) HD sur
faces (see text for explanation). Intensities have been normalized to the (− 1,0) 
peak for better visualization.
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Lorentzian width of bulk signal is zero, hence the corresponding diam
eter is found to be infinite. Within the same procedure we obtain from 
the Lorentzian width of the (2 × 1) reconstruction signal the determi
nation of reconstructed domains dimension to be (95 ± 35) Å for the 
non-conductive state.

In the bottom panel of Fig. 2 the diffraction pattern measured on the 
surface in the conductive state with its fit analysis is reported. We 
observe background increasing and diffraction peak broadening with 
respect to the same sample in the insulating state. Both findings may be 
ascribed to a disordered adsorption of the airborne species. In the non- 
conductive sample pattern there is a very low intensity constant back
ground, while in conductive state is necessary to introduce a two-degree 
polynomial one, suggesting that the disordered distribution of adsor
bates generates an incoherent scattering that results in the broad bump 
centered at exchanged parallel momentum equal to 0. The presence of 
adsorbates, with the consequent dampening of surface reconstruction, 
makes the fitting procedure more complex. We fit the (0,0) and (− 1,0) 
peaks with a single component (black line), because it is not possible to 
distinguish the signal given by surface (2 × 1) reconstruction from the 
bulk diamond one. Moreover, from the width of the (− 1/2,0) peak it is 
possible to determine the diameter of reconstruction domains which is 
(25 ± 5) Å. The decrease in the diameter of the reconstructed domains 
suggests that adsorbates alter the structure and morphology of the areas 
where the diamond is hydrogenated, reducing their degree of order.

Such SA-LEED quantitative results add a piece of information to shed 
light on the role of the airborne adsorbates. Indeed, the size of hydro
genated coherently scattering domains, both in the conductive and non- 
conductive states, is a novel information that can be used in studies 
aimed at modeling the surface conductivity induced by adsorbates. 
Moreover, these measurements open up possible paths for further ex
periments, investigating the correlation between the size of the domains 
and the transport mechanisms for example in the thermally induced 
desorption of adsorbates, where hopping mechanism can occur.

Inelastic electron scattering experiments correlated with the surface 
conductivity state provide us with information on modifications of the 
electron excitations induced by the interaction with airborne adsor
bates. EELS measurements, performed in specular reflection at RT are 
shown in Fig. 3. The black square and the red profiles have been 
measured on the conductive (air-exposed) and non-conductive 
(annealed) surfaces, respectively. In both spectra, typical losses of 

hydrogenated crystalline diamond can be recognized. The low loss re
gion (up to 8 eV) is a benchmark of the surface chemical termination: 
according to previous works [58] the hydrogen- (deuterium-) termi
nated surface shows an EELS spectrum characterized by a gap in the 
(2–6) eV-energy range (P1 bandgap): our data can be accordingly 
interpreted. A small inflection faintly visible at about 10 eV energy loss 
signals a small oxygen contribution [59]. An inter-band transition be
tween the valence and the conduction bands contributes to the P2 
feature at about 14 eV [60] and the P3 and P4 structures at about 22 eV 
and 33 eV correspond to the surface and bulk plasmons [61], respec
tively. Notably, P3 and P4 structure intensities are reduced in the 
conductive state sample spectrum, due to the presence of the airborne 
adsorbates.

Furthermore, there is a 1.5 eV energy shift of the P3 peak in the 
conductive surface. Occurrence and sign of surface plasmon energy shift 
are coherent with the presence of an overlayer, as already observed on 
an organic/inorganic interface system [62] and explained by the model 
derived by Raether.[63] According to that explanation, in our case it can 
be argued that the airborne adsorbate dielectric response modifies the 
frequency of the surface plasma wave propagating in the hydrogenated 
diamond substrate, thus generating interface plasmons revealed at lower 
energy losses.

A characterization of the surface chemical state has also been per
formed via XPS on the non-conductive as well as on conductive HD 
samples. Fig. 4 (top panel) shows a comparison between the C 1s XPS 
lines as measured on conductive (black squared line) and non- 
conductive (red dotted line) samples. At first glance the two spectra 
look similar, showing comparable line shape and intensity, as well as 
peak to background ratio; transition from the non-conductive state 
(annealed sample) to conductive (air-exposed sample) produces an en
ergy shift, which is ascribable to band bending effects;[21,42] the shift 
has the same sign as and is of comparable amount (about 1.2 eV) to 
photoemission results on MoO3 –covered HD surfaces [35].

Oxygen is present in both sample states, as displayed in Fig. 4 (bot
tom panel) where a comparison between the O 1s core level spectrum 
measured on conductive (black squared line) and non-conductive (red 
dotted line) diamond surfaces, respectively, is shown. The O 1s energy 
shift is comparable with the C 1s one.

We guess that the detected oxygen is mainly localized on the surface; 
this assumption is supported by angle dependence of the XPS spectra 
that will be discussed later. Thus, the fraction of the surface covered by 
oxygen can be estimated by using the Fadley’s model [64]. By assuming 
an inelastic mean free path of 19 Å in diamond for C 1s photoelectrons 
excited by the Al-Kα line [65], a value of (33 ± 3) % for the fraction of 
diamond surface covered by oxygen in the non-conductive state is 
derived. This oxygen persisting after annealing is more strongly bonded 
to the surface and it does not contribute to SC. We estimate an oxygen 
coverage of 56 % of the surface in the conductive sample. Thus, we 
obtain the percentage of oxygen responsible for diamond SC (“active” 
oxygen) by subtracting the (areal) intensity of the O 1s peak measured 
on the annealed surface from the one measured on the air-exposed 
surface. Namely, we determine the O “active” coverage by subtracting 
from the conductive state surface coverage (56 %) the coverage of non- 
active oxygen (33 %, measured on the non-conductive sample). In this 
way we retrieve an “active” coverage of about 23 %, corresponding to 
the 40 % of the total amount of oxygen on the air-exposed surface, which 
induces a hole sheet density at RT of 8 × 1012 cm− 2 on the conductive 
state, measured by Hall effect. The measured hole sheet density is 
coherent with the values provided in literature for air-exposed HD, 
which does not exceed values of about 1 × 1013 cm− 2 at RT and is far 
lower than the 2.5 × 1014 cm− 2 achieved with WO3 coatings [36] and 
other high electron affinity oxides [66].

Significant information from core level measurements is also ob
tained by line-shape analysis. The C 1s line measured on the non- 
conductive (annealed) surface is displayed in Fig. 5a together with its 
deconvolution; it is centered at 286 eV of binding energy and it is rather 

Fig. 3. EELS spectra of HD surface measured in the high-hydrogenation area of 
the sample [49], which is associated with a high electrical conductivity surface 
region, in the conductive (black squares profile) and non-conductive (red line) 
states. Spectral structures are labeled according to Refs. [58–61]. (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
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symmetric apart from a bump at higher binding energy. In the (100) 
surface, this asymmetry is attributed to a contribution of H-terminated C 
sites, [67] or to subsurface C atoms not bonded to H.[68].

In order to obtain a detailed description of the component contri
butions to the carbon spectrum, we have fitted the peak of the C 1s line 
with a bulk component (CB) related to carbon in sp3 configuration and 
the bump at higher binding energy with a peak Cx (we refer to the sites 
associated to Cx component as “x” due to the unclear origin of this 
signal). Following Graupner’s interpretation [67] we have fixed the Cx 
shift at 0.5 eV relative to CB.

1

However, Graupner’s deconvolution did not consider the possible 
presence of strongly bonded oxygen on the HD surface. In our case, 
instead, the significant presence of oxygen has forced us to introduce 
oxygen-related components in the C 1s fit. Relying on previous XPS in
vestigations on oxygen-terminated diamond [69,70], we have used 
Voigt profiles and a Shirley background: the Lorentzian width is fixed at 
0.15 eV, as done in references;[67–69] the Gaussian width is a free 

parameter of the fitting procedure and it is broader than the experi
mental energy resolution due to the presence of unresolved contribu
tions. Best fit peak positions are the following: CB and Cx are located at 
285.9 eV and 286.4 eV, respectively; CC is assigned to surface carbon not 
bonded with hydrogen and to defects (as in ref [67] it is shifted by − 0.9 
eV with respect to CB); CO1 and CO2 are associated to single bonded 
carbon (i.e. C-O, hydroxyl groups C-OH, ether functional groups C-O-C), 
shifted by 1.3 eV respect to CB, and to double bonded carbon (i.e. C=O, 
O-C-O, carbonyl functional groups >C=O) [71], shifted by 2.5 eV, 
respectively.

To study the nature of the C 1s components, as just defined in rela
tion to Fig. 5, we have also performed XPS measurements as a function 
of the collection angle of photo-emitted electrons, with the concept that 
grazing collection enhances the signal coming from the topmost layers 
with respect to the one coming from the bulk. The results are shown in 
Fig. 6, in which the ratios Cx /CB, CO1/CB, CO2/CB of x-related and O- 
related contributions respect to the bulk contribution are displayed as a 
function of the emission angle (θ) with respect to the sample surface 
normal. Dotted lines are data fit functions of the form A/cos(θ) ac
cording to the Fadley’s model, [64] where A is used as the fitting 
parameter for each component. It is evident how both the ratios of Cx 
component and the O-related components increase for grazing emission. 
These findings indicate that oxygen does not come from impurities in
side the bulk diamond and that both the Cx and the O-related compo
nents are mostly distributed in the topmost surface layers.

We have estimated the x and O coverages by using the Fadley’s 
model [64]: for x we have used Cx as the overlayer signal and CB as the 
substrate signal; for O we have used the sum CO1 + CO2 of the O-related 
components in the C1s spectra as the overlayer signal and the CB 
component as the substrate signal. We have obtained an O coverage of 
(31 ± 3) % of the surface: the value is compatible with the fraction of 
diamond surface covered by O (33 ± 3) % estimated by comparing the O 
1s and C 1s gross intensities (see discussion of Fig. 4), suggesting the 
reliability of the used approach. As far as the x coverage related to Cx 
intensity is concerned, it turns out to be (189 ± 19) %. This value should 
correspond to a thickness larger than a single layer. This result disagrees 
with Graupner’s interpretation [67], where the thickness associated 
with the Cx component is at most one layer. Besides, Schenk identifies 
such a component with subsurface carbon not bound to hydrogen [68]. 
We propose instead that this component is ascribed to both surface and 
subsurface carbon atoms bound to hydrogen. In this scenario hydrogen 
atoms should be present also in the subsurface region. To put on a firm 
ground this hypothesis, we have performed Monte Carlo simulations of 
the hydrogenation plasma process. Results indicate a very weak 
dependence of the penetration depth of H particles on the impinging 
angle, between normal incidence and 45◦. More relevant is the depen
dence on the equivalent potential difference. Simulations, performed 
from 100 V to 800 V (the maximum typical value in plasma reactor 
according to Moisan)[72], well represent the hydrogen plasma voltages 
used in this experiment, which are distributed up to 800 V. Results re
ported in Fig. 7 show a penetration depth distribution peaked at about 
10 Å, 70 Å and 100 Å from the topmost layer for 100 V, 500 V and 800 V 
respectively. Thus, the hydrogenation process gives rise to C–H bond 
formation and/or to defects creation both in the diamond topmost [67] 
and underneath layers [26], whose presence is testified by the Cx 
component and due to the penetration of hydrogen ions into the solid 
during the plasma treatment. Lastly, the angle dependence of the XPS 
intensities of the Cx component means that the effects of hydrogen 
diffusion into the diamond lattice are limited to a few layers underneath 
the surface.

The fitting procedure applied to analyze C 1s line measured on the 
annealed surface has been also used in the case of the conductive sur
face, upon fixing the energy positions (apart from an overall rigid energy 
shift of 1.2 eV) of the different components. The best fit is displayed in 
Fig. 5b. In the comparative Table 1, the component absolute intensities 
show very small variations. More significantly, we can consider the 

Fig. 4. Comparison between C 1s (top panel) and O 1s (bottom panel) XPS lines 
measured on the conductive (black squares line) and non-conductive (red dots 
line) diamond surfaces, respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)

1 Given our experimental resolution, we cannot be extremely precise on the 
position of the Cx component; anyway, if we use an energy shift of 0.36 eV,66 

analogue results have been obtained (see Supplementary material).
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variations of their ratios to the respective bulk component. In particular, 
the I(Cx)/I(CB) ratio is unchanged within 1 %, suggesting that the UHV 
annealing process to switch from conductive to non-conductive state 
produces no significant hydrogen loss, or atomic diffusion, as reasonably 
expected for the annealing temperature used (450 ◦C) [67]. In the 
conductive sample we have found that both the I(CO1) /I(CB) and the I 
(CO2) /I(CB) ratios are increased by about 30 % (see Table 1): being such 
components associated with oxygen-related sites, this finding agrees 
with the larger intensity of the O 1 s line discussed in Fig. 4, due to the 
presence of the “active” oxygen.

Given that “active” oxygen can contribute to the transfer-doping 
mechanism,[8,26,42,43] the next step in our investigation was then to 
individuate whether there is a preferential “active” oxygen bonding with 
carbon. To address this issue, we have investigated the evolution of the 
O-related site components distribution upon transition from non- 
conductive to conductive state by performing a deconvolution of the 
O 1s XPS line shape similarly to the C 1s core level analysis. By using 
results available in literature as a guide,[41,69] with reference to Fig. 8, 
where spectra measured on the non-conductive (panel a) and conductive 
(panel b) surfaces are displayed, four fit components have been used. In 

the non-conductive sample we have identified the following structures: 
O1 peak (at 533.7 eV binding energy) dominates the O 1s line and it is 
mainly due to O bonded in C-OH and CO configurations; O2 (at 535.0 
eV) and O3 (at 532.4 eV) peaks are principally due to O bonded in long 
chains (such as OH-C=O or O-C=O) in which photo-emitted electrons 
come from single-bonded (O2) and double-bonded (O3) sites, respec
tively [41,69]. Upon transition from non-conductive to conductive state 
induced by air exposure, we observe a rigid energy shift of the compo
nents and an increase of the O1, O2 and O3 intensities components by 
about 30 %, accordingly with the discussion of Fig. 4. A further O 
component at 535.6 eV, labeled O4 peak, which is related to O in H2O, 
though being a very minor contribution to oxygen overall intensity, 
becomes visible (notably, this component has an almost vanishing in
tensity in the non-conductive sample). Such evolution of the distribution 
of O-related site components would suggest that there is no preferred 
way for “active” O bonding with C.

To shed further light on the role of oxygen bond in the HD surface, 
we have exposed the annealed sample to oxygen in a controlled way 
(UHV conditions), both in molecular (O2) and dissociated atomic form 
(O), by using the device described in the experimental section. The 

Fig. 5. Fits of the C 1s core level spectra measured on the HD surface: a) non-conductive sample, b) conductive sample. Peak assignments are the following: CB is the 
bulk component, Cx is discussed in the text; CC is due to surface carbon not bonded with hydrogen and to defects; CO1 and CO2 contributions (zoomed in the insets) are 
due to oxygen-bonded carbon (the respective bonds are also shown). Peak parameters are reported in Table 1.
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exposure of the annealed surface to molecular oxygen up to of 104 L did 
not produce any change in the core level line shape. The results of 
surface exposure to atomic O, which are summarized in the spectra 
displayed in Fig. 9, are much different. The evolution of the O1s line is 
displayed as a function of the O exposure dose (Fig. 9 a), in which we can 
distinguish two effects. From the point of view of the energy position, a 
shift towards lower binding energies with respect to the non-conductive 
surface (annealed after air-exposure) is visible after the first exposure to 
3000 L, with further slight variations after 6000 L and 9000 L exposures. 
At 9000 L the shift of the O1s core level saturates to a value of about 0.4 
eV. The second aspect is the amount of oxygen monitored through the 
O1s peak intensity, which increased during the O-exposures, saturating 
again at 9000 L. According to these two findings, oxygen exposure does 
not replicate the air-exposure behavior, since peak energy and intensity 
are different from the ones of the air-exposed conductive sample.

We have also performed a thermal annealing on the O-exposed 
sample with the same parameters (temperature and pressure) used to 
anneal sample coming from air. Results are reported in Fig. 9b that 
shows a comparison of the O1s line for the O-exposed surface with the 
annealed-sample both after O-exposure and after air-exposure: while the 
energy positions of the annealed samples are similar, the annealed 

sample after O-exposure shows a higher intensity (about 50 %) than the 
annealed surface after air-exposure.

In order to explain this different behavior, we compare the evolution 
of the sum of the intensities of oxygen-related components in the C 1s 
core level (CO1 + CO2), normalized to the CB component area, with the 
overall intensity of the O 1s line (calculated by the O 1s area), for all the 
four cases studied (conductive sample from air, annealed after air- 
exposure, O-exposed, annealed after O-exposure). The result is dis
played in Fig. 10, in which we have normalized both data sets to the 
value of sample annealed after air exposure, since, in principle, it rep
resents the reference value due to the absence of physisorbed molecules 
on the surface. The evolution of the two sets is slightly different. Starting 
from the O 1s intensity, it can be noticed that the oxygen quantity 
significantly decreases from the conductive (air-exposed) to the non- 
conductive phase (annealed after air exposure); then the oxygen quan
tity is partially restored by O-exposure, and it does not change after re- 
annealing the sample. These findings are a different visualization of the 
results (relative to the intensity) reported in Fig. 9. However, the evo
lution of the O-related components in the C 1s line behaves differently: 
even if it shows a decrease of the oxygen quantity from conductive (air- 
exposure) to non-conductive (annealing) phase similarly to what hap
pens to the O 1s total intensity. However, it does not show its partial 
restoration in the oxygen-exposed phase; the restoration, in fact, occurs 
only after the re-annealing treatment. We can interpret this particular 

Fig. 6. Evolution of the ratios between the fit components and the bulk 
component of the C 1s in the non-conductive sample as a function of the col
lecting angle. Dotted lines represent the A/cos(θ) trend (θ being the emission 
angle with respect to the sample normal) according to the Fadley model [64].

Fig. 7. Monte Carlo simulations of the penetration depth for hydrogen atoms into the diamond sample during plasma exposure: results are for normal impinging 
direction and relative to different reactor-sample potential differences.

Table 1 
Fit values of C 1s core level spectra of the non-conductive and conductive 
samples (fits are displayed in Fig. 5). For each component the binding energy 
(BE), the amplitude (I), the Gaussian widths (GW) and the Lorentzian (LW) 
widths are shown. Comparative intensities of the carbon-related components as 
relative ratios to CB are reported in the last column.

Fit component BE 
(eV)

I 
(arb. un.)

GW 
(eV)

LW 
(eV)

I/I(CB)

Non-conductive sample
CB 285.9 5.18 0.59 0.15 1.000
Cx 286.4 0.89 0.69 0.15 0.172
CC 285.0 0.20 0.92 0.15 0.038
CO1 287.2 0.14 1.00 0.15 0.027
CO2 288.4 0.01 0.66 0.15 0.002

Conductive sample
CB 284.7 5.65 0.62 0.15 1.000
Cx 285.2 1.00 0.76 0.15 0.177
CC 283.8 0.19 1.01 0.15 0.034
CO1 286.0 0.20 1.04 0.15 0.035
CO2 287.2 0.02 0.66 0.15 0.004
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behavior in terms of different nature of the O-bonded species for the air- 
exposed and O-exposed cases: the curves, in fact, suggest the possibility 
that, while in the airborne species the oxygen atoms are principally 
bonded with carbon, this is no longer true for the oxygen cracked by 
filament, which binds with carbon on diamond surface only due to the 
thermal energy provided by re-annealing. This behavior raises the 
question of how oxygen atoms are bound with the HD surface in the case 
of oxygen exposure. A possible interpretation of our results can be found 
in literature by inferring the results of UV-oxidation of H-terminated 
nano-crystalline diamond films:[73,74] it has been shown that sample 
irradiation by UV source in pure O2 atmosphere (similarly to filament 
cracking, UV radiation yields molecular dissociation) produces a high 
density of OH− fragments which bond electrostatically with the CH 
terminations present at the surface. Hence it is not unreasonable that 
also in the case of filament cracking, several electrostatic CH+ ⋯ OH−

bonds are formed (O atoms adsorb on the sample as a part of OH– ions). 
Then the thermal activation produced by the annealing process could 
transform the bond between the OH− ion and surface CH+ termination 
into other bonds such as hydroxyl, carbonyl and ether-like bonds. Such a 
finding suggests that oxygen adsorption alone might not be responsible 
of inducing diamond SC. This may not appear as a surprise, since SC in 
hydrogen terminated diamond has also been observed with adsorbate 
layer not containing oxygen, such as fullerene and fluorinated fullerenes 

Fig. 8. Fit of the O 1s XPS line shape of the non-conductive (a) and conductive 
(b) states; details of the fit deconvolution can be found in the text; peak 
assignment has been done by using refs [41,69] as a guide.

Fig. 9. (a) Evolution of the O 1s core level spectra measured on diamond non- 
conductive surface upon atomic O-exposure in steps of 3000 L (see text for 
details); the spectrum measured on the conductive (air-exposed) surface is also 
shown. (b) Comparison of spectra measured on the non-conductive (annealed 
after air exposure) surface, after 9000 L O-exposure and after re-annealing.

Fig. 10. Intensity comparison of O 1s core level and O-related components in C 
1s core level for different sample treatments. On the ordinate axis the two sets 
are reported upon normalizing to one the value relative to the sample annealed 
after air exposure.
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[75,76], polypyrrole [77], or more complicated architecture consisting 
of C60F48 and an intralayer of zinc-tetraphenylporphyrin [78]. The 
common picture that is generally put forward in order to explain the 
diamond SC, both in air-exposed and in these other types of adsorbates, 
is that the adsorbate layer behaves as strongly acceptor like. In this 
context our findings thus suggest that the presence of oxygen alone does 
not result in a molecular species with a sufficient acceptor behavior with 
respect to the hydrogen-terminated diamond surface. Only a more 
complicated molecular species, such as hydroxyl groups, and a surplus 
in energy supplied e.g. by the post-annealing process, give rise to an 
electronic configuration capable of inducing the appropriate behavior to 
obtain the expected two-dimensional conductivity.

4. Conclusions

An accurate investigation of the morphology and electronic structure 
of plasma-hydrogenated diamond (100) surface correlated to its con
ductivity state has been performed by using electron diffraction and 
spectroscopies. Such techniques have allowed us to provide a deeper 
understanding of the role of adsorbates in altering the morphological 
and electronic properties of the surface and at the same time to accu
rately quantify the presence of chemical species, such as the presence of 
spurious oxygen due to the sample preparation and not completely 
removed during the hydrogenation treatment.

On the non-conductive (annealed) surface, SA-LEED analysis [52,53] 
has estimated the diameter of hydrogenated diamond coherently scat
tering domains to be of the order of tens of Angstroms. A refined XPS 
analysis supported by Monte Carlo simulations has suggested the pres
ence of hydrogen bonded to carbon also in the subsurface region.

On the conductive surface (air-exposed sample), the 1.5 eV shift of 
the surface plasmon, measured by EELS, has been attributed to the 
presence of adsorbates. These adsorbates are randomly arranged on the 
sample surface, as can be evinced by SA-LEED, and, according to XPS 
results, cover about 23 % of the surface. This coverage is responsible for 
the surface conductivity.

The analysis of the O 1s line shape suggests no preferential O- 
bonding for the adsorbates; however, the C 1s analysis reveals that at 
least a fraction of these adsorbates bond with C via an O atom.

Finally, the controlled oxygen exposure of the HD surface, both in 
molecular (O2), and dissociated atomic form (O), has shown that O2 does 
not react and O adsorbs on the surface without bonding to C at RT, 
differently from the airborne adsorbates that are responsible for surface 
conductivity.
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