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Abstract

Diamond films are attractive materials for electronics, optics and medical applications. For these applications
diamond film quality and controllable surface composition are often crucial parameters. In this work, in situ
XPS analysis of chemical composition of H- and O-terminated nano- and microcrystalline diamond (NCD and
MCD) films before and after their sputtering by the Ar* cluster ion beam was investigated. Scanning electron
microscopy confirmed sputtering of all diamond surfaces with a rate about 0.5 + 0.2 nm / min. Raman
spectroscopy and XPS revealed surface graphitization of diamond surface (transformation of sp® carbon
phase to sp?) induced by sputtering. Moreover, XPS data showed the presence of about 0.7 % of Ar atoms
on the investigated diamond surface after 66 min of sputtering. Also, oxygen residuals (0.2 at. %) were still
presented on the H-NCD surface after 66 min of sputtering. In contrast, no oxygen was found on the H-MCD
surface just after 2 min of sputtering (in the depth about 1.5 nm). Surface composition is discussed in respect
to the diamond films growth parameters and surface structure.
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1. INTRODUCTION

Extraordinary properties of diamond films attracted a great attention of the researches due to their possible
applications in medicine, optics and microelectronics. For these applications, distribution of dopants in
diamond films is crucial for fabrication of functional devices. Despite of a large number of reports [1-3], there
is still not enough information about depth profiling of diamond films and their resistance to the irradiation or
ion bombardment. There are numerous techniques for diamond depth profiling such as elastic recoil
detection analysis (ERDA) [1, 2] or non-Rutherford backscattering spectrometry (NRBS) [2]. The most
commonly used depth profiling methods is the secondary ion mass spectrometry (SIMS) which gives
information about qualitative elemental composition of diamond films by sputtering of their surfaces [3]. In
particular, SIMS is commonly used for obtaining the concentration profiles of dopant layers inside the
diamond film. However, SIMS has few disadvantages such as a low accuracy for rough surfaces or low
surface sensitivity [3]. On the other hand, XPS provides a better surface sensitivity due to a limited inelastic
mean free path of photoelectrons [4]. In particular, for a standard X-ray source AlKa with photon energy of
1486 eV, photoelectrons come from the depth of a few nanometers. If deeper layers have to be investigated,
higher photon energy or sputtering of the near surface layers is required.

The Ar* cluster ion beam can be used for a lateral surface sputtering [5, 6]. For low beam energies, the
sample surface damage caused by clusters is smaller than in a case of the monoatomic beam sputtering.
Moreover, surface structure of the near surface layer is better conserved. The sputtering rate can be varied
gently by choosing Ar* cluster size and the ion beam energy. Therefore, in combination with XPS, this
method is well-suitable for the depth profiling and chemical composition analysis of the near surface layers
and interfaces [7]. In particular to the diamond films, XPS analysis provides information about the atomic
composition on a surface. Moreover, components of C 1s peak give information about type of carbon bonds
(diamond vs. graphite).
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Diamond morphology and surface terminations have to be tailored for specific diamond uses [8]. In addition,
appropriate functionalization has to be also applied for electrochemical [9] and biological [10] experiments.

In the present study, in situ XPS analysis of H- and O-terminated NCD and MCD films before and after their
sputtering with Ar* cluster ion beam was carried out. Influence of ion beam sputtering on a chemical
composition and surface morphology of diamond films is discussed.

2. EXPERIMENTAL
2.1. CVDdiamond growth

Prior to the deposition procedure, the Si substrates were seeded by procedure previously published in [9].
Diamond films with nanocrystalline (NCD) and microcrystalline (MCD) morphology were grown. The NCD
films were grown in modified linear antenna microwave plasma system (AK 400, Roth&Rau) [11] from a gas
mixture of Hz : CH4 : CO2 (100 : 5 : 30 in sccm). The other parameters were as follows: total pressure 10 Pa,
substrate temperature 500 °C, microwave power 1700 W, and deposition time 20 hours. Finally, the surface
of diamond films was hydrogenated in hydrogen-rich plasma for 30 min. All other process parameters were
kept constant.

Oxygen termination of diamond films was done by radio frequency (rf) plasma system (Femto, Diener) in 100
% Oz atmosphere at pressure 110 Pa, rf power 100 W for 4 min.

The MCD films were grown in focused microwave reactor with an ellipsoidal cavity resonator (AIXTRON P6,
Germany) [12] at low methane concentration (1 % CHa4 in Hz), total gas pressure 3000 Pa and microwave
power of 1.5 kW for 7.5 hours. The substrate temperature was about 500 °C. Hydrogen termination of the
as-grown MCD films was performed at 500° C for 10 min in Hz plasma. The oxygen termination of the MCD
samples was carried out similarly as described above.

2.2. Characterization of diamond films

The grain size and surface morphology of diamond films before and after sputtering were investigated by
scanning electron microscopy (SEM, e_LINE writer, Raith GmbH). The thickness of the diamond films was
measured from cross-sections SEM images. The surface topography of the diamond films was measured by
atomic force microscopy (AFM) in the tapping mode on ICON AFM (Bruker). Medium frequency Multi75Al
cantilevers (Budget sensors) with spring constant k = 3 N / m treated in CF4 rf plasma (CF4 pressure 100
mTorr, rf plasma power 50 W, process duration 30 sec) were used. The surface root mean square (RMS)
roughness was calculated from 1 x 1 um? scans.

Chemical composition of the diamond surfaces was analyzed by X-ray photoelectron spectroscopy (XPS)
using XPS spectrometer (Kratos, AXIS Supra) equipped with a hemispherical analyzer and a monochromatic
AlKa X-ray source (1486.6 eV). The XPS spectra were acquired from the area of 700 x 300 ym? with the
take-off angle 90°. The survey XPS spectra were recorded with the pass energy of 80 eV, whereas the high
resolution spectrum scans with pass energy of 20 eV. The CasaXPS software with implemented linear
baseline and Gaussian line shapes of variable widths for peak fitting was used for spectra processing. XPS
peak positions were determined with an accuracy of 0.2 eV. The obtained survey XPS spectra were
calibrated on C 1s peak with binding energy of 285.1 eV that corresponds to sp® phase [13]. The C 1s XPS
spectra were deconvoluted into four peaks [9]: sp? carbon phase (284.2 eV), sp® carbon phase (285.1 eV),
C-0 bonds (286.1 eV) and C=0 bonds (287.6 eV).

The diamond films were additionally studied by Raman spectrometer (Renishaw InVia Reflex) using the
excitation wavelength of 442 nm.

2.3. Ar* cluster ion beam sputtering

In situ sputtering of diamond films was carried out by Ar* cluster ion source (GCIS, Kratos) in XPS analytical
chamber. Cluster size with 500 Ar atoms and energy of 20 keV was used for sputtering. The incidence angle



2015
?l.\lAN OCON* Oct 14" — 16' 2015, Brno, Czech Republic, EU

of ion beam to the sample surface was set to 40°. The size of sputtered area was 1.8 x 1.8 mm?2. The
sputtering time was varied from 2 to 66 min. XPS measurements were carried out before and after each
sputtering cycle without exposing the samples to air.

3. RESULTS AND DISCUSSION

The initial thickness of NCD and MCD films was ~ 370 nm and ~ 250 nm, respectively. They consisted of
grains in size up to 50 nm for NCD and 200 nm for MCD films. Figure 1 shows surface morphologies of NCD
and MCD films before and after Ar* ion beam cluster sputtering. For all samples, the grain size was
decreased significantly after ion beam, i.e. initially well faceted crystals changed to feature-less (or polished
like) character. Such a polishing effect was confirmed by AFM measurements: the diamond surface
roughness decreased by ~ 3 nm after 66 min of sputtering time (i.e. the RMS decreased from 11 to 8 nm for
NCD and from 30 to 27 nm for MCD films, respectively). The calculated average sputtering rate was 0.5 +
0.2 nm / min.

H-NCD O-NCD H-MCD

Fig. 1 SEM images of diamond films before (top row) and after (bottom row) Ar* ion beam cluster sputtering
for 66 min

Figure 2 shows the C 1s XPS spectra of diamond films before (i.e. 0 min sputtering time) and after Ar* ion
beam cluster sputtering (for 2, 21 and 66 min). XPS spectra confirmed transformation of sp2 into sp? carbon
phase after Ar* ion beam cluster sputtering, i.e. the graphitization of diamond. Similar effect has also been
observed by other authors [7, 14].

For 2 min Ar* ion beam cluster sputtering of NCD films, the graphitization rate depends on the surface
termination (Figs. 2a and 2b — blue lines), as evaluated from the ratio of sp® and sp? carbon peak intensities.
For longer sputtering time, a monotonous increase (decrease) of the sp? (sp3) carbon peak intensity was
observed for both NCD and MCD films (Fig. 2). This trend is independent on the diamond surface
termination. Faster graphitization process is observed for NCD films than for MCD films. Moreover, XPS
measurements revealed the presence of Ar atoms at sputtered surfaces (0.7 at. %).

Normalized Raman spectra of H-terminated NCD and MCD films before and after sputtering are shown in
Fig. 3. There are three characteristic peaks (or bands): (i) the sharp diamond-peak at 1332 cm
corresponding to sp® carbon bonds, (ii) the D-band (defect-band) at 1350 cm and (iii) the broad G-band
(graphite-band characteristic for sp? carbon bonds) at ~ 1520 + 1640 cm- [15]. Comparing the Raman
spectra of NCD and MCD films before sputtering, it is evident that for MCD films the D- and G-bands are less
detectable. However, after sputtering of MCD, the G-band increased due to graphitization of the larger
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diamond crystals characteristic for MCD film (i.e. increase of sp? carbon phase). This effect was also
confirmed by XPS. For NCD film, the change in the Raman spectra before and after sputtering is negligible
due to structure and morphology of the film (i.e. higher content of sp? carbon bonds, smaller grain sizes). The
Raman spectra of O-terminated diamond films showed the same behaviors as for H-terminated diamond due
low sensitivity of Raman spectroscopy to surface terminations.
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Table 1 summarizes atomic concentrations of oxygen in diamond films before and after 66 min of Ar* ion
beam cluster sputtering, as determined by XPS. Oxygen atoms were completely removed from the H-MCD
surface after 2 min of sputtering. On the other hand, 0.2 at. % of oxygen was presented on H-NCD films
even after 66 min of sputtering. This effect can be explained by sample preparation conditions: the oxygen
containing gas mixture (i.e. CO2z : CHa4 : Hz2) was used in deposition process. We suppose that during the
CVD growth some amount of oxygen might be incorporated into diamond film probably at the grain
boundaries. For sputtered O-terminated diamond films, the detected oxygen content should originate from
the primary oxidized valleys. In these areas, Ar* sputtering is hindered (shadowed) by surface roughness
(i.e. the sputtered depth is comparable with diamond peak-to-valley Z-height).

Table 1 The concentration of oxygen in diamond films before and after sputtering estimated from XPS
survey spectra

Sample Oxygen [at. %]

name non-sputtered | sputtered (66 min)
H-NCD 2 0.2
H-MCD 1 0

O-NCD 11 0.5
O-MCD 10 0.3

4. CONCLUSION

H- and O-terminated nano- and micro-crystalline diamond films were investigated by in situ XPS, Raman
spectroscopy, AFM and SEM. Depth profiling was carried out by Ar* cluster ion beam with sputtering rate of
0.5 + 0.2 nm / min. After each sputtering cycle, diamond films were measured by XPS. It was observed that
the Ar* cluster ion beam sputtering results in diamond polishing and graphitization. The polishing was
independent on the film surface termination or morphology. The graphitization was influenced by the surface
termination for NCD films sputtered for 2 min. The MCD films graphitized slower than the NCD films. Ex situ
Raman measurements confirmed the diamond surface graphitization and supported XPS results. The depth
profiling of diamond films revealed the presence of oxygen traces after 66 min of sputtering. Obtained results
demonstrate a great potential of Ar* cluster ion beam sputtering tool in combination with XPS for depth
profiling and chemical composition analysis of carbon-based materials.
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