
JOURNAL OF OPTOELECTRONICS AND ADVANCED MATERIALS Vol. 8, No. 6, December 2006, p. 2133 - 2138 
 

Electron spectroscopy of nanocrystalline diamond 
surfaces 
 
 
J. ZEMEK*, J. HOUDKOVA, B. LESIAKa, A. JABLONSKIa, J. POTMESIL, M. VANECEK
Institute of Physics, Academy of Sciences of the Czech Republic, 162 53 Praha 6, Czech Republic 
aInstitute of Physical Chemistry, Polish Academy of Sciences, ul. Kasprzaka 44/52, 
01-224 Warszawa, Poland 
 
 
Thin, fully optically transparent nanocrystalline diamond (NCD) films prepared at growth temperatures from 400 °C to                
1100 °C were characterized by scanning electron microscopy (SEM), atomic force microscopy (AFM), angular-resolved     
x-ray photoelectron spectroscopy (ARXPS) and elastic peak electron spectroscopy (EPES). The ARXPS spectra were 
applied for estimating the extent of sp3 hybridization of carbon atoms in a surface region of the NCD films. Processing of the 
ARXPS C 1s lines indicated that above 90 % of carbon atoms exhibiting the sp3 hybridization in the analyzed volume. The 
very top surface was found to be less enriched with the sp3 hybridized carbon atoms. The inelastic mean free paths (IMFP) 
of electrons in NCD films were evaluated in the electron energy range 200 eV – 2400 eV from the measurement of the 
electron elastic backscattering probability and the Monte Carlo (MC) calculations of electron transport. The resulting IMFPs 
were compared to the IMFPs calculated from the optical data and from the TPP-2M predictive formulae, where pronounced 
difference between both sources of calculated IMFP values was found. The EPES IMFPs in five NCD films indicated no 
differences. Close agreement of the present IMFPs to those calculated from the optical data was found.  
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1. Introduction 
 
The nanocrystalline diamond (NCD) films have 

recently attracted considerable interest due to possible 
important technological applications [1]. Such films can be 
used for various tribological coatings and as hard, wear 
resistant biocompatible materials [2] exhibiting a low 
friction coefficient. A major advantage in comparison to 
polycrystalline diamond films is, in particular, their 
relative low surface roughness. However, similarly to 
microcrystalline diamond, the grain boundary properties, 
the grain size and consequently sp2/sp3 concentration in 
the NCD films can be significantly altered. Presently, the 
NCD film technology becomes a trivial task. Generally, 
there are two basic ways how to prepare the NCD films, 
either using argon-based gas chemistry [3-6] or hydrogen-
based gas chemistry [7,8]. All other modifications (adding 
of N2 or increasing CH4) have been also successfully 
tested [7]. However, there is still a lack of knowledge 
about the film quality grow at low temperature range 
(below 600 °C). It is well known that films grown from 
Ar-based chemistry are “black” due to sp2 carbon atoms in 
a matrix. Now, we have succeeded to grow the NCD films 
at or even below 400 °C. This opens a new field for 
numerous applications where temperature sensitive 
substrates are used. Important question remains: are these 
films also of such a good quality as those grown at high 
substrate temperature, 700 °C – 900 °C? 

The NCD films are usually deposited from the 
methane/hydrogen/argon plasma onto substrates with a 
high nucleation density value of 1010-1011 cm-2 [9-12]. The 

NCD films under study are undoped, fully optically 
transparent below 5.4 eV, photosensitive, with Raman 
signature of predominant diamond bonding. Nevertheless, 
diamond grains of nanometric dimensions (about 50 – 100 
nm) would be surrounded by differently bonded carbon 
atoms, e.g. by the sp2 hybridized carbons [13]. Therefore, 
in addition to the sp3 bonded carbon atoms, also some 
percentage of the sp2 hybridized carbon atoms is expected, 
especially at the sample surface. To elucidate the 
nanostructure in a vicinity of the diamond nanograins at 
the film surfaces, we applied a surface-sensitive method 
that is able to characterize a site-specific chemical 
environment.  

The angular-resolved X-ray induced photoelectron 
spectroscopy (ARXPS) is usually applied to the C 1s 
photoelectron line for differentiating two contributions 
originated from the sp2 and the sp3 hybridized carbon 
atoms. Curve fitting of the C 1s spectrum relies upon a 
theoretical basis [14,15]. Predicted chemical shift, about 1 
eV, is mostly due to different relaxation energy associated 
with different electronic configuration of the carbon atom 
[16]. The Elastic peak electron spectroscopy (EPES) is the 
experimental method widely applied for determining the 
electron transport parameters in a solid, i.e. the inelastic 
mean free path (IMFP) values of electrons and their 
kinetic energy dependence [17]. The IMFPs are especially 
important in quantitative electron spectroscopy methods, 
i.e. XPS, Auger electron spectroscopy (AES, XAES), etc., 
for determining the surface composition, the overlayer 
thickness, the non-destructive depth profiling of elements 
found near solid surfaces, and for calculations of electron 
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transport in a solid. The EPES method combines the 
measurement of the electron elastic backscattering 
probability from an investigated sample and a standard 
material (so-called method with a standard) with the 
relevant Monte Carlo (MC) calculations of the electron 
transport in a solid. The methods for evaluating the IMFPs 
for selected elements, inorganic and organic compounds in 
the electron energy range 50 eV – 10 000 eV have been 
extensively reviewed [17]. These IMFPs are available in 
the NIST database [18]. Recently, the IMFPs for diamond 
and graphite have been calculated from the optical data by 
Tanuma et al. [19]. The relevant IMFP values can be also 
calculated from the TPP-2M predictive formulae [20]. 
Surprisingly large root-mean-square (RMS) deviations 
were found between the IMFPs calculated from TPP-2M 
and those evaluated from the optical data for diamond 
(71.8%) and graphite (49.5%) [19]. At present, the number 
of reliable experimental IMFP data obtained with the 
EPES spectroscopy for diamond [17] is very limited. Up to 
the best present authors knowledge, the first attempt to 
determine the IMFPs for a NCD film has been done very 
recently by the EPES method using a Cu standard [21]. 
Note, a single crystal or polycrystalline diamond sample 
surface with large grains are less convenient for 
assessment of the IMFPs than the NCD samples since no 
coherent effects are expected in the recorded spectra. Their 
occurrence makes calculations of electron transport 
difficult.  

In the present work, NCD films deposited at growth 
temperatures from 400 °C to 1100 °C are investigated 
using the XPS and the EPES spectroscopy methods. The 
results focus on characterizing the content of sp3 

hybridized carbon atoms in the analyzed volume using the 
analysis of the C 1s XPS line, as well as on determining 
the IMFPs by the EPES method for five NCD film 
surfaces in the electron energy range 200 eV – 2400 eV 
and their comparison to theory.   

 
 
2. Experimental 
 
2.1. Samples  
 
The NCD films were deposited from the 

methane/hydrogen microwave plasma on (100) oriented, 
15x15 mm2 silicon substrates [22]. Prior to deposition 
process, all substrates were pretreated under identical 
conditions [9,10] applying a modified “bias enhanced 
nucleation” (BEN) process in a microwave plasma 
enhanced chemical vapor deposition system (Aixtron P6). 
The substrates were biased with DC power supply. After a 
first substrate-cleaning step (12 min in hydrogen plasma), 
the BEN process was applied for 8 min (-180 V at the 
substrate, 5% of methane in hydrogen, 20 mbar, and              
850 °C). A nucleation density reached 1010-1011cm-2. 
During the growth step, methane concentration was held 
constant at 1% CH4 in H2 and the substrate temperature, 
controlled via substrate holder stage, varied between        
400 oC and 1100 oC. Temperatures below 600 °C were 
measured by the two-color pyrometer working at the 

wavelengths of 2.13 mm and 2.35 mm (Williamson type) 
and temperatures above 600 °C were measured by the two-
color pyrometer working at the wavelengths of 1.35 mm 
and 1.55 mm (CHINO type). Both pyrometers were found 
to be insensitive to the quartz bell jar. This procedure 
enabled a growth of the NCD films at growth temperatures 
of 400 oC, 500 oC, 890 oC and 1100 oC. Their thickness 
extracted from the transmission interferometry 
measurements [23, 24] ranged from 100 to 1200 nm. 
Optical transparency of thicker films was checked in the 
spectral range from 200 nm to 25 µm using Hitachi UV-IR 
spectrometer by light transmission through the self-
supporting NCD membrane prepared by silicon substrate 
etching [12].    

The standard sample for the EPES analysis was 
prepared in a form of a gold film by “ex-situ” vacuum 
evaporation of Au on the Si(111) substrate.  

 
 
2.2. Electron spectroscopy methods 
 
The NCD films were transported into the electron 

spectrometer through air without “ex-situ” and “in-situ” 
surface cleaning. Particularly, ion beam cleaning has led to 
essential structural changes in the treated diamond surface 
[25]. The surface composition and bonding of the NCD 
layers were studied by XPS using an ADES-400 angular-
resolved photoelectron spectrometer (VG Scientific, U.K.) 
equipped with a twin anode X-ray source (the standard 
Al/Mg anodes) and a hemispherical analyzer. The half-
cone acceptance angle of the analyzer was set to 4.1º. The 
XPS spectra were recorded using Mg Kα source operated 
at a power of 200 W at constant pass energy of 100 eV or 
20 eV, at emission angles with respect to the surface 
normal equal to 0o and 60o.  

The EPES spectra were measured in ADES-400 
spectrometer from NCD films and Ar+ beam (energy of 
4000 eV, current density 1x10-5Acm-2) sputter cleaned Au 
film surface. The electron source beam current varied from 
0.1 µA to 1.0 µA with the beam spot diameter at the 
sample surface of ~ 3 mm. The electron backscattering 
intensities (elastic peak areas) were recorded in the 
primary electron kinetic energy range from 200 eV to 
2400 eV. The geometry of the EPES analysis was the 
following: (i) the primary beam normal to the sample 
surface, (ii) the electron emission angle 35º with respect to 
the surface normal and (iii) the half-cone acceptance angle 
of the analyzer 4.1º. The typical half-width (FWHM) of 
the elastic peak spectra recorded in the applied energy 
range was ~ 0.5 eV.  

 
 
3. Results and discussion 
 
3.1. Surface characterization 
 
Before proceeding with the XPS quantification of the 

NCD films, the energy scale of the spectrometer has been 
calibrated with respect to the Au 4f7/2 line maximum at 
84.0 eV. The NCD film surfaces cleanliness was evaluated 
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from the XPS C 1s and O 1s peak areas, determined 
following the Shirley`s inelastic background subtraction 
and normalized for the measured transmission function of 
the spectrometer, which comprises all instrumental factors 
influencing the measured quantity [26], the photoelectric 
cross-sections [27], and for the relevant inelastic mean free 
paths of photoelectrons [19]. These normalized values 
represent the average composition within the analyzed 
volume [28]. At the pristine NCD film surfaces 2-3 at. % 
of oxygen was found (Table 1).  

 
Table 1. Comparison of parameters characterizing 
preparation  conditions: thickness, oxygen content, and 
carbon atoms bonding at the NCD film surfaces. 
Notation: Ts –substrate temperature during the NCD film 
growth.  FWHM  –  C  1s   full  width  at  half  maximum.  
 

_______________________________________________ 
Sample  Ts    thickness   emission O         C 1s fitting 
           (oC)    (nm)            angle (o)    (at %)   FWHM    C sp3 (%) 
_______________________________________________ 
1      400         130                0 2.6 1.1 96.8                                                  

      

60         -          1.2         92.9 
2      500        106                0           2.3        1.0         98.5 
                                          60   - 1.2         94.7 
3      890       1230                0  2.5 1.0 95.3 
            60   - 1.2 95.2 
4      890         490                0 2.3 1.0 96.3 
                 60   - 1.1 93.9 
5    1100    470                 0          2.1         1.0         96.9 
                 60   - 1.1 92.7 
_______________________________________________ 

 
 Fig 1 shows a typical SEM image of one of the 

thickest NCD film (i.e. one with the largest grains) grown 
at 800 °C.  The average grain size is 100 nm for a film 
thickness of 900 nm. We have observed that NCD films 
with thickness up to 1000 nm can be still classified as 
nanocrystalline with average grain size not exceeding 100 
nm. When the film thickness is larger than this particular 
value, the average grain size increases and the film 
becomes polycrystalline. The thinner films grown at 400 
°C – 500 °C reveal smaller grains in the order of        
10 nm – 20 nm.  

 

 
 

Fig. 1. Typical SEM image of the pristine NCD film 
900 nm thick grown on Si(100) at 800 °C. 

The RMS value of the surface roughness, estimated by 
AFM, ranged from 10 nm to 30 nm depending on the NCD 
film thickness. More details about the film preparation and 
basic characterization (Raman, SEM, optical 
transmittance) can be found elsewhere [12].  

 The percentage of the sp3 hybridized carbon 
atoms in the analyzed volume of the NCD films was 
evaluated from the high resolution C 1s XPS spectra 
recorded at two emission angles, i.e. 0o and 60o with 
respect to the surface normal. These C 1s spectra are 
relatively narrow (about 1.1 eV) and slightly asymmetric 
indicating several C bonding states involved. The C 1s 
spectra were processed after subtracting a Shirley 
background by the non-linear least-square method fitting 
procedure. Three functions (mixed 5% Lorentzian – 95% 
Gaussian) located at 284.2 eV, 285.1 eV, and 286.1 eV 
were fitted to the measured C 1s spectral line shapes. The 
first binding energy position can be easily ascribed to the 
sp2 contribution and it agrees well with that for graphite 
[29]. The last binding energy position can be ascribed to 
C-O bonding, in agreement with the handbook data [29]. 
The middle binding energy value that dominates in the 
intensity for all the NCD film surfaces would be ascribed 
to the sp3 contribution (the diamond phase). The latter is 
shifted to the higher binding energy from the sp2 
contribution due to the more effective core hole screening 
in carbon atoms in trigonal coordination [16].  Since the 
diamond is a wide gap material and the C 1s line is 
referred to the Fermi level, the binding energy value of the 
sp3 contribution depends on a doping and on a state of the 
surface. For this reason, the measured binding energy of 
diamond scatters considerably [14,30-32]. In the present 
analysis, we rely on the theoretical support predicting the 
chemical shift of ~1 eV. Haerle et al. [14] calculated the C 
1s shift between the sp2 and sp3 contributions to the C 1s 
peak in amorphous carbon systems by molecular dynamics 
simulations. The shift was found to be about 1.0 eV. The 
recent first-principles calculations of the C 1s core-level 
shift between the C sp2 and C sp3 contributions for a series 
of amorphous carbon density revealed almost the same 
value 1.1 ± 0.2 eV [15]. The calculations agree well with 
the measured and fitted C 1s lines [14,31,32]. These 
calculations provide strong support for decomposing the 
XPS spectra into two peaks resulting from sp2 and sp3 
hybridized carbon atoms [16]. The exemplary high-
resolution C 1s spectra recorded from the NCD film grown 
at 500 oC, measured at emission angles of 0° and 60°, and 
the results of the non-linear fitting procedure are shown in 
Figs 2 (a) – (b), respectively. Comparison of the resulting 
percentage of sp3 hybridized carbon atoms, calculated 
from C 1s (sp2) and C 1s (sp3) peaks for the NCD films, 
and the parameters of the applied fitting procedure are 
listed in Table 1. The resulting percentage of sp3 
hybridized carbon atoms for all grown NCD films is above 
90 %. Generally, this percentage is larger below the 
surface region (from 95.3 % to 98.5 %) than at the surface 
region (from 92.7 % to 95.2 %). No remarkable 
differences in the sp3 percentage among the five NCD 
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films prepared in the temperature range 400o C – 1100o C 
were observed (Table 1), which indicates an excellent 
quality of the film grown also at the lower temperature.  
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Fig. 2. The exemplary high-resolution C 1s spectra of the 
NCD film grown at 500 oC with 98.5 % and 94.7 % of sp3 
hybridized carbon atoms in the analyzed volume as 
measured  at  two  emission  angles  with  respect  to  the  
      surface  normal.  (a) 0°,  (b)  60°,  respectively. 
 
 
 
 The difference in the measurement geometry of C 

1s photoelectron transition leads to variation of the mean 
photoelectron probing depths. Specifically, the mean 
probing depth, given as a product of the IMFP and cosine 
of the emission angle [33], resulted in 1.6 nm and 0.8 nm 
for emission angles of 0° and 60°, respectively. The 
observed differences evaluated from two geometries of the 
measurement of the C 1s line (Figs 2 (a) – (b), Table 1) are 
consistent and indicate the surface slightly contaminated 
with oxygen, as well as slightly enriched with carbon 
atoms in trigonal configuration. Similar observations have 
recently been published by Birrell et al. [13]. 

 
 

3.2. Inelastic mean free path 
 
The MC algorithm of electron transport in a solid was 

described in details elsewhere [34,35]. The model assumes 
smooth surface, uniform atomic composition and density, 
the elastic scattering events along the trajectory length 
following the Poisson stochastic distribution with the 
distribution of distances between elastic collisions as a 
function of the electron elastic mean free path and the 
polar scattering angles with respect to the initial direction 
described by the probability density function dependent on 
the total elastic mean free path and the electron differential 
elastic scattering cross-sections. An important step in the 
MC calculations, using the software EPESWIN [35], is 
selecting the electron elastic scattering cross-sections, 
described in details elsewhere [36,37], based on potential 
describing interactions between an electron and the 
scattering atom. Present calculations involve the potential 
derived from the relativistic Hartree-Fock self-consistent 
method, i.e. the Dirac-Hartree-Fock (DHF) potential. 

The EPES measurements and the MC calculations 
were carried out for the same geometry of measurement 
and electron kinetic energies. In the MC calculations, the 
recommended IMFP was selected for the Au standard 
[17], whereas for the investigated sample, the calculations 
proceeded assuming a set of the IMFPs ranging from 0.1 
to 30 nm. From the calculated dependences of the electron 
elastic backscattering ratio as a function of the IMFP, 
called the calibration curves, and the respective EPES 
measured ratio, the IMFP values for the sample are 
evaluated. The kinetic energy dependence of the electron 
IMFPs obtained with the EPES method and Au standard 
averaged over the five NCD films is shown in Fig. 3.  
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 Fig. 3. Comparison of IMFP values and their energy 
dependence in the NCD films, diamond and graphite. 
Circle: the EPES IMFPs obtained with the Au standard 
averaged over the five NCD films. Solid line: diamond - 
Tanuma et al. [19]. Short-dashed line: graphite – 
Tanuma et al. [19]. Long-dashed line: diamond - TPP-
2M [20] predictive formula. Double-dotted  dashed  line:  
      graphite  –  TPP-2M   [20]  predictive  formula.  
 
 
These are compared to the IMFPs calculated by 

Tanuma et al. and the IMFPs resulting from the TPP-2M 
predictive formula IMFPs for diamond and graphite 
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[19,20]. The RMS and the percentage (R) deviations were 
evaluated according to Eqn (1) 
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where avλ  are the IMFPs averaged for five NCD films, λi 

are the IMFPs for the five NCD films, i = 1,2,…, 5 refers 
to the NCD film notation (Table 1), and j is the number of 
electron kinetic energies. The deviations calculated from 
Eqn (1) are enclosed in Table 2.  
 The deviations between the IMFPs observed for 
the five NCD films are of the order of few percent     
(Table 2) indicating no remarkable differences between 
the evaluated IMFPs for five NCD films exhibiting 
different percentage of sp3 carbon hybridization. Large 
discrepancies between Tanuma et al. optical IMFPs and 
the TPP-2M predictive formula IMFPs for graphite and 
diamond are observed. The EPES IMFPs for NCD are 
closer to Tanuma et al. optical values, with better 
approximation to the relevant values for diamond. Better 
agreement is observed for the electron kinetic energy 
region 1000 eV – 2400 eV. In the electron energy range 
from 200 eV to 750 eV, the EPES IMFPs in diamond are 
smaller than the optical IMFPs by Tanuma et al. [19]. 
Similar dependence has been observed in the previous 
work [21].  

 
Table 2.  Comparison of scatter (Eqn (1)) between the 
EPES  IMFPs  obtained  as  an  averaged  value  and  the  
          EPES  IMFPs for respective five NCD films. 
 

_______________________________________________ 
 
Sample  RMS (nm)  R (%) 
_______________________________________________ 
1  0.065   2.72 
2  0.076   4.12 
3  0.033   1.70 
4  0.121   4.65 
5  0.066   2.06 
_______________________________________________ 
 
 
          The IMFPs calculated from the optical data are valid 
for the bulk of the solid, while the IMFPs obtained from 
the EPES method are influenced by the electron energy 
losses in the surface region of the solid [38-40]. The 
electron entering the analyzer, after travelling a given 
trajectory length in a solid, passes through the surface 
region twice, which increases the probability of an energy 
loss, as compared with a trajectory of the same length 
travelled in the bulk of the solid. Although, the surface 

excitation effects are partially cancelled when we use 
relative measurements (with the standard) [36], they can 
affect the resulting IMFPs in the low electron energy 
region [41]. As published previously [21], accounting for 
the surface excitations slightly increases the EPES 
evaluated IMFPs. However, the relative differences 
between the EPES and Tanuma et al. evaluated IMFPSs as 
well as the electron energy dependence remains similar.  
 

4. Summary and conclusions 
 

Nanocrystalline diamond films deposited from the 
methane/hydrogen plasma were successfully grown at low 
substrate temperature (400 °C) as well at high temperature 
(>800 °C). The C 1s lines recorded at two different 
emission angles and therefore at two different information 
depths were used to estimate the extent of sp3 hybridized 
carbon atoms at the analyzed surfaces. Results indicate 
that (i) NCD surfaces are dominantly composed from the 
sp3 hybridized carbon atoms with a slight enrichment of 
the top surface by the sp2 hybridized carbon atoms, (ii) 
surface quality of all samples was found to be the same 
irrespective of the growth temperature. The latter property 
is extremely technologically important for numerous 
applications necessitating low temperature treatments. 
Assessment of IMFP values for NCD films by 
measurements of the electron elastic backscattering 
probability combined with the Monte Carlo calculations of 
electron transport facilitated testing two procedures used 
to calculate the IMFP in diamond. Results showed better 
agreement of the present IMFP data to those calculated 
from the optical data.  
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