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Abstract  
The interaction of water and oxygen with a polycrystalline diamond film was investigated using XANES ( X-ray absorption near edge structure) 
spectroscopy. A novel reactor design allowed to access pressure ranges up to 4.0 mbar and simultaneous recording of the gas phase and sample 
spectra at the C-K and O-K edges, respectively. The diamond surface is inert with respect to the interaction with water in the investigated te m-
perature below 500°C. A defect (sp2 carbon) rich surface layer, is created through ion irradiation (Ar+, 2 keV), and the ratio of the  */ * reso-
nance was used as a measure of the extent of damage. A partial removal of the damage is observed in the first few minutes of water exposure, but 
a steady-state concentration of defects remains even after prolonged exposure periods. The resultant steady -state damage is nearly independent of 
the water pressure. The reaction of the damaged surface with water leads also to the atta chment of oxidic groups, mostly in the form of carbonyl 
groups, to the surface. The carbonyl groups seem to be located mostly at the surface and result directly from the reaction with dangling bonds or 
sp2-carbon defects with water. The irradiation with oxygen ions leads likewise to an overall r eduction in damage, the chemcial etching dominates 
the creation of new defects through ion impact.  
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Introduction  
Understanding the interaction between the diamond surface 
and various reactands, such as e.g. water or oxygen, is of 
considerable interest for the application of these films as 
sensors or in electrochemical processes. The inertness of the 

diamond surface1 has been exploited to develop devices 
which function in environments hostile to other materials. 
The transformation of the diamond surface through exposure 

to hydrogen and other adsorbants2,3 has been investigated in 
recent years, mainly in conjunction with the aim to under-
stand the diamond growth process, but the interaction with 

water is only poorly understood4-6. Oxygen, however, can 

not be attached easily to diamond surfaces7 and the appear-
ance of oxygen containing surface terminating groups is 

only observed after heating in an oxygen atmosphere8, or 
exposing ion irradiated diamond surfaces to atomic oxy-

gen9. These experiments indicate that acitve sites at the 
diamond surface or a highly reactive oxygen species are 
required to enhance the surface reactivity. The ion irradia-
tion of diamond leads to the formation of a defect rich sur-
face layer, which is structurally similar to an amorphous 

carbon film10,11(and references therein) but does not ex-
hibit a long range graphite-like ordering. The damage layer 
contains a large concentration of sp2 hybridized carbon at-
oms and dangling bonds which can subsequently serve as 
reaction centers.  
We describe in the following paragraphs an experiment 
aimed to study the reactions of diamond and defect-rich 
diamond surfaces with water and its influence on surface 
composition and defect density.  
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Experimental 
The in-situ observation of the reactions is possible by per-
forming X-ray absorption measurements of the near edge 
structure (XANES) in a tank reactor designed to operate in 
the pressure range between 1∑10-8 to 20 mbar. A detailed 
description of the reactor is given by Knop-Gericke et al. in 

a recent publication12. For the investigation of the reactivity 
of the diamond surface a polycrystalline, boron-doped dia-
mond film with random orientation of the crystallites was 
used as substrate. The XANES measurements were per-
formed at the  HE-TGM-1 (Berliner Elektronenspeicher-
ringgesellschaft für Synchrotronstrahlung, BESSY I) 

beamline13 using the first-order light of the monochromator. 
The sample spectra presented here are recorded with the 
total electron yield (TEY) collection plate located in front of 
the substrate and the sample current induced by relaxation 
processes in the sample at both normal and, in some cases, 
grazing incidence (an angle of 55° with respect to the sur-
face normal was chosen). Gas phase spectra are obtained 
from the collection grid, which is located at a larger distance 
from the sample and close to the polyimide window, sepa-
rating the processing chamber from the beamline. The car-
bon K-edge spectra obtained at the collection plate and the 
sample current are divided by the collection grid signal, thus 
correcting for the window transmission and variation in 
beam current with time and energy  at the same time. The 
carbon K-edge jump is subsequently normalized to unit 
height at the maximum of the  * resonance  peak, which is 
the most intense peak  in all spectra. For the correction of 
the window transmission and beam profile of the oxygen K-
edge a different method was applied in order to avoid com-
plications which arise from reactions of the grid and collec-
tor with the water atmosphere. Surface oxides at the 
collection grid will contribute to the spectra as an additive 
component rather than a multiplicative one  and therefore 
introduce artificial  features in the spectra if they are used in 
the correction procedure in the way described for the carbon 
K-edge. All spectra (collector, collection grid and sample) 
are divided by the equivalent spectrum (collector, collection 
grid and sample, respectively)  recorded in vacuum (10-7 
mbar) with a pristine sample prior to each water experiment; 
this leads to a correction of all spectra with respect to the 
window transmission and beam profile. The sample signal at 
the collection plate can be separated from the gas phase 
signal by subtraction of the corrected collection grid signal 
(dominated by the gas phase contribution) after normaliza-
tion of the spectra to unit height. It has been ascertained that 
this correction method is also applicable for the C-K edge 
and delivers equivalent spectra as the method described in 
the previous paragraph. 
 
Results and discussion 
In a first set of experiments the hydrogen-plasma cleaned 
diamond sample was exposed to water vapour in the pres-
sure range between 1∑10-4 and 2 mbar for extended periods 
of time. The carbon K-edge spectra of the sample recorded 
at different times during the exposure at the TEY collection 
plate are shown in figure 1. The corresponding processing 

sequence of the samples is summarized in table 1. The en-
ergy of the σ* resonance is adjusted at 290 eV, the value 

which is given in the literature for diamond10,14,15.   
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Fig. 1: Carbon K-edge spectra recorded at different stages of 
the modification of diamond films through the irradiation 
with ions ( Ar+, O2

+ ) and the exposure to water at different 
pressures. The processing conditions and assignment of the 
spectra is summarized in table 1. The spectra are normalized 
to unit height at the  position of  the σ* resonance. 
 
The relative peak positions in the spectrum of the original 
diamond surface are in agreement with published 

data10,14,15and a prominent K-edge absorption feature, the 
σ* resonance, located at 290 eV, a shoulder at 292 eV and 
the second gap in the unoccuppied density of states at 302.5 
eV can be identified. Although the relative peak positions 
agree excellently with the literature data, the intensity of the 
σ* resonance peak as compared to the peak, which appears 
just as a shoulder around 292 eV, differs from some of the 
literature data. This disagreement might be attributable to 
the random orientation of the crystallites, which is in con-
trast to most other studies usually performed on single crys-
tals or textured films. Upon exposure to water no significant 
changes in the spectra are observed indicating the inertness 
of the diamond surface against the reaction with H2O at low 
substrate temperatures. Annealing of the sample in a water 
atmosphere (at 0.2 and 2.0 mbar for 10 min, and at 4.0 mbar 
for 40 min) at 480°C does likewise not lead to detectable 
changes in the carbon K-edge structure (see figure 1, spec-
trum A and B). The oxygen K-edge spectrum indictates the 
presence of oxidic structures, but the small signal intensity 
prohibits a more specific assignment. The reactivity of the 
undamaged diamond surface towards water is apparently 
very low, and even elevated substrate temperatures lead to 
only minute changes in the surface composition.  
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A second set of experiments was performed by creating a 
damaged diamond surface through the irradiation with Ar+ 
ions (2 keV) prior to exposure to H2O. The damage accumu-
lates in the surface region and leads to the formation of a 
highly defective diamond layer which resembles structurally  
 
Table 1: Summary of processing conditions for the diamond 
films included in figure 1 (carbon K-edge) and figure 3 
(oxygen K-edge). The spectra were measured in vacuum 
unless otherwise indicated.  

graph π∗/σ∗ processing of sample 

diamond  polycrystalline diamond sample,  

as introduced 

A   40’, 2.0 mbar H2O, and 20’, 0.2 

mbar H2O, and 20’ 480°C, 0.2 mbar 

H2O  (measured during gas expo-

sure) 

B  A and 10’,2 mbar H2O at 480°C, 

and  40’, 4 mbar H2O at 480°C 

(measured after cool down in 

vacuum) 

C 0.5 ion irradiated diamond (Ar+, 2 keV) 

D 0.37 C and 50’, 1·10-4 mbar H2O, and 

25’, 1.0 mbar H2O 

E,H 0.79 ion irradiated diamond (Ar+, 2 keV) 

F 0.52 E and 25’, 1.0 mbar H2O 

G, L 0.74 same treatment as F, grazing inci-

dence 

I 0.54 ion irradiated (Ar+, 2 keV), and 25’,  

1.0 mbar H2O 

K 0.37 I and irradiation with O2
+ (2 keV) 

for 110’ 

 

sp2-rich amorphous carbon10,11. This structural modifica-
tion is also readily apparent in the carbon K-edge XANES 
spectra ((see fig 1, spectra C through G): an additional peak, 
the π* resonance, appears at 285 eV and the σ* resonance 
peak is broadened. However, the structures which appear on 
the high binding energy side of the σ* resonance are still 
preserved, although somewhat smeared out, and signify the 

persistence of a long range order10,16. A small feature ap-
pears around 286.3 eV and is a constant contribution to all 
spectra (even the diamond spectra) and the only feature in 
the spectra which might be an artefact related to a structure 
in the absorption spectrum of the polyimide window, sepa-
rating the beam vacuum chamber and the reaction chamber. 
A reliable separation of this feature from any possible con-
tribution to the C K-edge from carbonyl groups can not be 
achieved. An alternative assignment of this feature could 
also be the presence of C-H groups at the surface, which 
would also be in agreement with the angular dependence of 
this peak’s intensity (fig. 1, spectra F and G).  

Although the diamond features are still apparent in the re-
gion above 300 eV after ion irradation, they appear smeared 
out, which is directly connected to the relaxation of k-
conservation and gradual transition to the unstructured den-
sity of final states characteristic for an amorphous material, 
and the emergence of states in the gap. The intensity of the 
π* resonance with respect to the σ* resonance is a direct 
measure of the defect density and can be used to monitor the 

changes in the film damage10,16,17. Exposure of these 
damaged films to H2O leads indeed to a decrease in the in-
tensity of the π* resonance. This observation is illustrated in 
figure 1, showing a selection of spectra before and after H2O 
exposure, and in figure 2, where the intensity ratio of the π* 
to σ* resonance is shown as a function of exposure time to 
water. Data for two films with a different initial damage 
level, which were exposed to water at varying pressures are 
included. In both cases a rapid decrease in π*/σ* ratio takes 
place in the first minutes of water exposure at 10-4 mbar, and 
a constant level of damage is then retained for longer expo-
sure times. Increase in the water pressure to 1.0 mbar leads 
to a slight decrease in the π*/σ* ratio, but no further reduc-
tion is observed after subsequent annealing at 450∞C. This 
general behaviour has been observed repeatedly at different 
H2O pressures, however, a complete removal of the dam-
aged surface layer can not be achieved even at pressures 
exceeding 2.0 mbar. The series corresponding to the spectra 
E to G in fig.1 will be discussed in the next paragraph, in 
conjunction with the presence of surface oxides.  
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Fig. 2: Modification of the intensity ratio π*/σ* peak during 
water exposure at different pressures. Included are the data 
obtained for two diamond films with different initial damage 
levels.  
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The gas phase spectra (as recorded with the collection grid) 
are dominated in the O-K edge region by the typical water 

spectrum14,18 (included in figure 2) with a main peak at 
535.7 and a shoulder located at lower energies with respect 
to the most intense peak. The water spectrum was used to 
calibrate the energy scale in the O-K edge region. The con-

centration of carbon containing reaction products in the gas 
phase is apparently very small, and the signal in the C-K 
edge region remains therefore inconclusive and allows due 
to its small signal to noise ratio no unequivocal interpreta-
tion.  
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Fig. 3: left hand side: Oxygen K-edge sample spectra recorded at different stages of the modification of diamond films through 
the irradiation with ions ( Ar+, O2

+ ) and the exposure to water. The processing conditions and assignment of the spectra is sum-
marized in table 1. For the purpose of illustration  the spectra are normalized to unit height at the π* resonance. Right hand side: 
Oxygen K-edge  spectrum of the gas phase, measured at the collection grid at a water pressure of 1.0 mbar. 
 
A number of representative sample spectra at the O-K edge 
recorded at the TEY collection plate, are summarized in 
figure 3 (spectra H to K, see also table 1; for the purpose of 
illustrattion the spectra are normalized to unit height at the 
σ* resonance peak ). They are dominated by one narrow 
peak located at 530 eV, a position characteristic for a π* 

resonance, and a quite broad peak at about 546 eV. The peak 
positions are consistent with a CO double bond, a carbonyl 

group14,19, which appears to be the dominant oxidic group 
at the diamond surface, irrespective of the type of treatment.   
The change in the intensity of the carbonyl signal with proc-
essing of the surface is also a measure of the concentration 
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of carbonyl groups. For this purpose the intensity of the π* 
resonance peak of the sample current spectrum, after correc-
tion for the transmission function, is determined and divided 
by the beam current. Only spectra measured at pressures 
below 10-6 mbar are taken into account to avoid any spuri-
ous contributions from the intense gas phase signal.  
The lowest intensity of the π* resonance is observed directly 
after irradiation of the diamond sample with Ar+  ions (2 
keV), although the formation of some carbonyl or similar 
groups during sputtering is observed and likely attributable 
to reactions of the damaged surface with the background gas 

already at this stage (figure 3, spectrum H). Interaction with 
water or oxygen ions leads to changes in the concentration 
of the carbonyl group (see following paragraph), but no 
prominent changes in the shape of the spectra. The presence 
of other oxidic groups cannot be excluded, and indeed seems 
likely, but their concentration at the surface is below our 
detection limit. An exception is spectrum labeled K, ob-
tained after the irradiation with oxygen ions, where a shoul-
der loctaed around 533 eV is apparent, but the assignment of 
this feature remains uncertain.  
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Fig. 4: Comparison of the changes in the π*/σ* intensity ratio at the C K-edge and the intensity of the π* resonance peak at the 
O-K edge as a function of exposure time. The water pressure was 1.0 mbar and the data obtained for measurements performed at 
normal and grazing incidence of the photon beam are included.  
 
In figure 4 the changes in intensity of the π* resonance at 
the O-Kedge, and in the π*/σ* ratio at the C-K edge as a 
function of water exposure time (water pressure of 1 mbar) 
are illustrated. A selection of spectra recorded during this 
sequence is included in fig.1 (C-K edge, spectra E through 
G) and in fig. 3 (O-K edge, spectrum L). The initial level of 
damage in this film is quite high as compared to for example 
sample C (fig.1) due to the larger ion current used during the 
ion iradiation of the diamond film. The temporal evolution 
in the reduction in surface defect density as expressed in the 
decreasing π*/σ* ratio is  similar to the experiment de-
scribed in the previous paragraph. Although the contribution 
from the damage layer is larger for grazing incidence, the 
relative changes in the π*/σ* ratio are about 30% for both 
orientations, owing to the fact that the whole damage layer is 
accessed for both orientations. Any change in the depth 
distribution of the damage is masked by the error inherent to 
the measurement .  

At the same time a continuous increase in the intensity of the 
π* resonance at 530 eV and therefore the concentration of 
carbonyl groups is observed, which is indicative of a reac-
tion of the incoming water molecules with defects. This has 
been observed repeatedly and the carbonyl group dominates 
in all cases the O-K edge spectra. The increase in carbonyl 
concentration is considerably stronger for the measurement 
at grazing incidence, commensurate with the  accumulation 
of oxygen in the top surface layers.  
In figure 5 the effect of oxygen ion irradation on the surface 
damage (π*/σ* ratio C K-edge) and the concentration of 
carbonyl groups at the diamond surface is summarized. Irra-
diation of the surface with oxygen ions (2 keV) leads to a 
continuous reduction in the surface damage and a rapid de-
crease in the concentration of carbonyl groups at the surface. 
Again the carbonyl group dominates the O-K edge spectra 
although other oxidic groups such as hydroxide or ether 
groups might be present in smaller concentrations (fig.3, 
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spectra I and K). The quite pronounced reduction in surface 
damage can be ascribed to a chemical reaction of the incom-
ing oxygen ions preferably with sp2-bonded carbon atoms 
and a subsequent removal of the volatile reaction products.  
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Fig. 5: Intensity ratio π*/σ* at the C K-edge, and intensity 
of the π* resonance peak at the O-K edge as a function of 
irradiation time with O2

+  ions (2 keV).  
 
In this way the oxygen does not contribute to the accumula-
tion of oxidic groups at the surface. The damage created by 
ion impact is in this case overbalanced by the chemical etch-
ing and therefore in marked contrast to the interaction of 
diamond with Ar+  ions, but consistent with the observation 

of Beerling et al.5 on the removal of damaged surface layers 
with low-energy oxygen ion irradiation 
The diamond surface was shown to be indeed rather inert 
toward the reaction with water, which is in agreement with a 

study by Struck et al6. Defects, on the other hand, serve as 
reaction centers and the sp2 -bonded carbon atoms are read-
ily removed by the interaction with H2O, but a steady state 
concentration of defects remains. The defects do apparently 
not constitute nucleation centers for the etching process, 
such that numerous active reaction sites remain after the 
primary interaction of the defect with water. The reaction 
centers are possibly passivated by the formation of surface 
oxides, namely the observed carbonyl groups. In the gas 
phase spectra at the carbon as well as the oxygen K-edge no 
reaction products can be readily identified, which is attribut-
able to the low efficiency of the reaction and therefore small 
concentration of reaction products. However, in a thermal 
desorption study on oxidized diamond powder, Matumoto et 

al.4,8 have shown that the main desorption products are CO 
and CO2.  
The dominant oxidic group at the diamond surface clearly 
identifiable after water exposure of defect- rich surfaces, is 
the carbonyl group with a double bond between the carbon 
and oxygen atom. The peak positions observed correspond 
to those known for HCO, and we do not expect a dramatic 
change in the molecular orbital energies for CO groups at-

tached to a carbon matrix instead of hydrogen due to the 
small differences in electronegativity between H and C. The 
dissociation of water follows therefore a different pathway 

than on Si20,21, where the formation of hydroxide groups at 
the surface is observed. The formation of double bonds is 
energetically highly unfavourable on Si, but apparently the 
preferred reaction pathway at the diamond surface. The 
dominance of carbonyl groups at the diamond surface is also 
observed in the reaction of diamond with oxygen at elevated 

temperatures8, albeit other oxidic groups such as ether or 
hydroxide groups have also been identified.  
The consequences of these findings for practical applications 
of diamond films are readily apparent. While good quality 
diamond surfaces are indeed highly inert, defect-rich sur-
faces which might be produced in the course of the fabrica-
tion process of a device, are much more susceptible to 
degradation. At the same time, the diamond work function is 
changed quite considerably through the presence of oxygen, 
and a reaction of the surface leading to the formation of 
surface oxides can therefore degrade the long term perform-
ance of diamond-metal contacts and other electronic devices  
incoporating diamond films.  
 
Conclusions 
The diamond surface is inert with respect to the interaction 
with water in the investigated temperature range (below 
500°C). In contrast, defects, which are created through ion 
irradiation, react readily with water, leading to a partial re-
moval of the damage layer. The dominant oxidic group at 
the surface is the carbonyl group, although the presence of 
other oxygen containing functional groups can not be ex-
cluded. The reduction in damage through the interaction 
with water is accompanied by an increase in the carbonyl 
concentration, which indicates that the dissociation of water 
at the diamond surface might follow a different pathway 
than on silicon surfaces. In the irradiation of the damaged 
surface with  oxygen ions the chemical etching dominates 
and the overall damage is reduced. This study also shows 
that the surface defects can be decisive for the long term 
stability of diamond surface properties. 
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