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We have formed and characterized polycrystalline diamond films with surfaces having hydrogen
terminations, oxygen terminations, or fluorine terminations, using a small, simple and novel plasma gun
to bombard the diamond surface, formed by plasma assisted CVD in a prior step, with ions of the wanted
terminating species. The potential differences between surface regions with different terminations were
measured by Kelvin Force Microscopy (KFM). The highest potential occurred for oxygen termination regions
Keywords: and the lowest for fluorine. The potential difference between regions with oxygen terminations and
Diamond hydrogen terminations was about 80 mV, and between regions with hydrogen terminations and fluorine
cVvD terminations about 150 mV. Regions with different terminations were identified and imaged using the
Surface terminations secondary electron signal provided by scanning electron microscopy (SEM), since this signal presents
Plasma bombardment contrast for surfaces with different electrical properties. The wettability of the surfaces with different
lon bombardment terminations was evaluated, measuring contact angles. The sample with oxygen termination was the most
hydrophilic, with a contact angle of 75°; hydrogen-terminated regions with 83°, and fluorine regions 93°, the
most hydrophobic sample.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Diamond is an important material for a wide range of applications
because of its excellent chemical, electrical, thermal and mechanical
properties. The diamond surface can be modified by various techniques
and the versatility thereby yet further expanded. It is known that
hydrogen termination of diamond surface bonds gives rise to high p-type
surface conductivity even in undoped diamond [1-3], and oxygen
termination of surface bonds results in an insulating surface [4,5]. These
diamond surface properties have been used to fabricate electronic
devices [6,7]. Differences between diamond surfaces are not limited to
different electrical conductivities, but include hydrophobicity and
hydrophilicity, and negative and positive electron affinity. These
variations are caused primarily by differences between the surface
dipole moments of carbon/hydrogen and carbon/oxygen bonds [8].
Fluorine termination of diamond surfaces has been investigated also [9-
14]; these surfaces are negatively charged and hydrophobic [9], providing
potential applications in biosensor devices [15].
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In the work described here we formed polycrystalline diamond films
with surfaces having hydrogen termination, oxygen termination, or
fluorine termination, using a small, simple, novel plasma gun to
bombard the diamond surface, formed by plasma assisted CVD in a
prior step, with ions of the wanted terminating species. The surface
potential difference between regions with different terminations was
measured by Kelvin Force Microscopy (KFM); this has been reported
previously for the case of oxygen terminated surfaces but not for fluorine
[16-18]. Secondary electron imaging from scanning electron microsco-
py (SEM) was used to identify regions with different terminations, since
this signal shows contrast between surfaces with different electrical
properties [19-21]. The wettability of surfaces with different termina-
tions was evaluated by contact angle measurements. For SEM and KFM
analysis, the diamond surfaces were lithographed and exposed to
different kinds of plasma surface modification, creating adjacent regions
with different surface terminations. Diamond surfaces with a single kind
of termination were also produced for contact angle measurements.

2. Materials and methods
Polycrystalline diamond films were grown by microwave plasma

assisted chemical vapor deposition (MPACVD). The facility has been
described in detail elsewhere [22,23]. The parameters used for the
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diamond growth were 300 sccm hydrogen flow rate, 3 sccm methane
flow rate, 3 sccm nitrogen flow rate, 50 Torr chamber pressure, 850 °C
substrate temperature, and the growth time was 24 h. Nitrogen was
added to the gas phase so as to obtain nanocrystalline diamond films;
in the absence of nitrogen microcrystalline films are formed [24,25].
The substrate used for the deposition was n-type silicon (100)
polished with diamond powder. An SEM image of a typical diamond
film obtained in this way is shown in Fig. 1. Fig. 2 shows a typical
Raman spectrum. The equipment used was a Renishaw Raman System
3000. The samples were irradiated with the 632.8 nm line of a He-Ne
laser (Spectra Physics). Measurements were carried out under
ambient conditions using back-scattering geometry. This Raman
spectrum is typical of nanocrystalline diamond films, but the peak
at around 1150 cm™ ! is a possible indication of trans-polyacetylene
[26,27]. To confirm the film characterization, X-ray diffraction was
done and the results are shown in Fig. 3. We used a Rigaku
diffractometer with power given by I=20 mA and V=40 kV, using
CuKy (A=0.15418 nm) monochromatic radiation in Bragg-Brentano
geometry step scanning mode with A26 =0.05° and counting time of
30 s. The X-ray diffraction clearly shows that the film is nanocrystal-
line diamond. The spectrum shows the two characteristic peaks of
diamond. Using the Debye-Scherrer formula, an average crystallite
size of 19.2 nm was obtained [24,28].

The CVD growth process delivers diamond film with hydrogen-
terminated surface bonds. This is because the hydrogen fraction in the
plasma synthesis process is very high (94%), with just 3% nitrogen as a
possible “surface contamination”; the remaining gas is methane
(CH4), composed of carbon (diamond precursor) and hydrogen.

Toreplace the hydrogen terminations with either oxygen or fluorine,
the diamond substrate was subsequently exposed for several minutes to
the plasma stream produced by a small hollow-cathode plasma gun that
has been described in detail elsewhere [29] and which we summarize
briefly here. Of the various ways in which a gaseous plasma can be
produced, the hollow-cathode discharge [30-33] stands out for its
economy of design and its simplicity. Our plasma generator is a small
hollow-cathode device driven by a simple home-made power supply
system. An outline drawing of the plasma source is shown in Fig. 4(a).
The source is of ceramic, stainless steel, and aluminum construction,
with a tungsten anode mesh. The plasma discharge occurs within the
hollow-cathode region, with the grounded tungsten mesh serving as
anode. Plasma is extruded from the source as a slowly diverging plasma
stream, into which the substrate to be ion bombarded is placed. A
“starting electrode” at the rear of the hollow-cathode region is helpful in
initiating breakdown and establishing the plasma when the source is
first switched on. Gas is fed to the source through a small diameter
plastic tube using a needle valve to control the pressure. For the present
work, the feed gas was either oxygen at a working pressure in the
vacuum chamber of 2x10~Torr, or sulfur hexafluoride (SFg) at a

Fig. 1. Typical SEM image of the diamond films used in this work.
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Fig. 2. Typical Raman spectrum of the diamond films used here.

chamber pressure of 7.5x107>Torr. The diamond sample was
positioned some distance from the plasma gun—15 mm for SFg and
120 mm for O,, these distances chosen simply based on the visual
appearance of the plasma stream. A photograph of the source with
extruded plasma beam is shown in Fig. 4(b).

Diamond surfaces with hydrogen, oxygen and fluorine termina-
tions were imaged by Kelvin Force Microscopy (KFM) [16] to measure
the potential differences between these regions. The equipment used
was a NanoScope IIIA (Veeco, Santa Barbara, California). KFM is one of
a number of possible operating modes of the Scanning Probe
Microscope. Surface potential mapping was done using a two-pass
system where the surface topography is obtained in the first pass and
the surface potential is measured on the second pass. The two
measurements are obtained one line at a time with both images
displayed on the screen simultaneously. On the first pass, the sample
topography is measured using standard intermittent contact mode
(Tapping Mode); in this scan mode the cantilever is mechanically
vibrated near its resonant frequency by a small piezoelectric element.
On the second pass, the drive piezo that normally vibrates the
cantilever is turned off, and instead, in order to measure the surface
potential, an oscillating voltage is applied directly to the cantilever tip.
If there is a DC voltage difference between the tip and sample, then
there will be an oscillating electric force on the cantilever at frequency
. This will cause the cantilever to vibrate, and the vibration
amplitude can be detected. If the tip and sample are at the same DC
voltage, there is no force on the cantilever at frequency ® and the
cantilever amplitude will go to zero. The instrumentation determines
the local surface potential by adjusting the DC voltage on the tip, Vip,
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Fig. 3. Typical X-ray diffraction spectrum of the diamond films used here.
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Fig. 4. Miniature hollow-cathode plasma gun. (a) Simplified schematic. (b) In operation,
with extruded plasma stream.

until the oscillation amplitude goes to zero. At this point the tip
voltage is the same as the surface potential. The voltage applied to the
cantilever tip is recorded by the microscope to construct a voltage
map of the surface. In this way, two images are obtained simulta-
neously: an atomic force microscopy (AFM) image and a KFM image,
for exactly the same surface region.

Secondary electron images (by SEM) of the diamond surfaces with
different terminations were used to identify the regions with different
terminations [19-21]. The equipment used was a JEOL model ]SM-6460
LV.

The wettability of the different surfaces was quantified using
contact angle measurements. The sessile drop method was employed
using deionized water. The equipment used for contact angle
measurements was a KSV Modular CAM 200 System.

For KFM and SEM analysis it was necessary to create diamond
surfaces with adjacent regions having different terminations. To produce
these samples, the diamond surfaces were lithographed and exposed to
different plasma processing. Three samples were prepared: the first
sample with adjacent regions having hydrogen and oxygen termina-
tions; a second sample with adjacent regions of hydrogen and fluorine
terminations; and a third sample with hydrogen, fluorine and oxygen
terminations. Initially three diamond film samples terminated with
hydrogen were coated with PMMA (polymethylmethacrylate, a polymer
used as a resist for electron beam lithography). Then a selected area of
the PMMA was electron beam scanned in a SEM (JSM-6460 LV) using an
e-beam nanolithography system (Nanometer Pattern Generation Sys-
tem—NPGS), creating a pattern. The samples were then immersed in a
developing solution and rinsed in isopropyl alcohol. With this procedure,
the region of the PMMA scanned by the electron beam was removed and
the remaining area was preserved. All samples were then treated with
plasma as described above, one sample using oxygen plasma and the
other two samples using sulfur hexafluoride (SF¢) plasma. The

remaining PMMA for all samples was removed in an acetone ultrasonic
bath. Thus diamond samples with adjacent regions presenting hydrogen
and oxygen terminations, and two samples with regions presenting
hydrogen and fluorine terminations, were obtained. One of these last
samples was again coated with PMMA, and a new selected area was
electron beam scanned, creating another pattern. The sample was then
immersed in developing solution, rinsed in isopropyl alcohol, and again
treated with oxygen plasma and the remaining PMMA removed. Thus
diamond samples with adjacent regions presenting terminations of
hydrogen, fluorine and oxygen were obtained.

3. Results and discussion

AFM and KFM images of the diamond surface with adjacent regions
having hydrogen and oxygen terminations are shown in Fig. 5. Fig. 5(a) is
an AFM image and shows the film morphology. Fig. 5(b) is a KFM image;
here the contrast represents the surface potential difference, with the
lighter regions (higher potential) having oxygen terminations and the
darker regions having hydrogen terminations. The z-scale in the KFM
image relates quantitatively to the local potential difference between
regions. Similar characterization was performed for a sample with
regions presenting hydrogen and fluorine terminations, and for a third
sample with adjacent regions presenting hydrogen, fluorine and oxygen
terminations. AFM and the KFM images of this last sample are shown in
Fig. 6(a) and (b), respectively. Here the lighter regions (higher potential)
have oxygen terminations, the darker regions (lower potential) have
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Fig. 5. (a) AFM, and (b) KFM images of diamond surface with adjacent regions having
hydrogen and oxygen terminations. In the KFM image, the lighter regions correspond to
oxygen terminations.



M.C. Salvadori et al. / Diamond & Related Materials 19 (2010) 324-328 327

1.0V

05V

0.0V

C 200
O
&

10f H
=y
E
g or
c
g
o
o

-100 +

-200 1 1 1 1 I

0 20 40 60 80 100

Fig. 6. (a) AFM, and (b) KFM images of diamond surface with adjacent regions having
hydrogen, fluorine and oxygen terminations. The lightest regions are oxygen
terminated, the intermediate regions hydrogen terminated, and the darkest regions
are fluorine terminated. (c) Potential profile for the diamond surface; the profile was
taken along the thin black line in the KFM image of Fig. 5(b). The z-scale to the right of
the image relates the gray scale of the image to potential difference.

fluorine terminations, and the intermediate gray regions (intermediate
potential) have hydrogen terminations. A typical potential profile for the
diamond surface is shown in Fig. 6(c). The profile shown in this figure
was taken along the thin black line shown in Fig. 6(b). The regions with
oxygen termination have higher surface potential, the regions with
fluorine termination have a lower potential, and the regions with
hydrogen termination have an intermediate value. The measured
potential difference between regions with oxygen terminations and

Fig. 7. Secondary electron images (SEM) of diamond surface with adjacent regions
having hydrogen, fluorine and oxygen terminations. The image contrast is due to the
different electrical properties of regions with different terminations.

hydrogen terminations was about 80 mV, and between regions with
fluorine terminations and hydrogen terminations was about 150 mV.
These results are consistent with measurements made with the other
two samples. The potential difference measured for the sample shown in
Fig. 5 (with oxygen terminations and hydrogen terminations) was about
95 mV, and for the sample with fluorine and hydrogen terminations
about 165 mV. Preliminary experiments demonstrate that the potential
difference between regions with different terminations depends on the
plasma exposure time and the distance between the sample and the
plasma source—i.e., on the total plasma flux incident on the surface.
Secondary electron images of diamond surfaces with different
terminations were also obtained by SEM, as shown in Fig. 7. In this
SEM image, the contrast is related to the surface terminations, and is not

a

Fig. 8. Optical micrographs of diamond surfaces with adjacent regions having hydrogen
and oxygen terminations. (a) Dry surface, showing no contrast between regions with
different terminations; and (b) wet surface, showing clearly the hydrophilic regions,
with oxygen terminations.
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due to morphology as would be usual. The region with fluorine
termination is the darker one, the region with hydrogen termination is
the lighter one, and the third region is with oxygen termination. The
contrast in this SEM image is due to the different electrical properties
(secondary electron emission) generated by the different terminations.

Three more diamond surfaces were prepared for contact angle
measurements. Each of these samples was produced with just one kind
of termination. The first sample, with oxygen termination, showed a
contact angle of 75°, the most hydrophilic sample; the second sample,
with hydrogen termination, had a contact angle of 83°; and the third
sample, with fluorine termination, 93°, the most hydrophobic sample.
Fig. 8 shows optical micrographs of diamond surfaces with adjacent
regions having hydrogen and oxygen terminations; Fig. 8(a) shows a
dry surface and Fig. 8(b) a wet surface. The image of the dry surface has
no contrast between the regions with different terminations. On the
other hand, the image of the wet surface shows clearly the hydrophilic
regions, with oxygen terminations.

4. Conclusion

Polycrystalline diamond thin films were formed by microwave
plasma assisted CVD, and the surface carbon bonds terminated with
either oxygen or fluorine by means of a small hollow-cathode plasma
gun that subsequently was used to ion bombard the surface with the
chosen ion species. Kelvin Force Microscopy allowed measurement of
surface potential differences between regions with different termina-
tions. The highest potential difference (with respect to the hydrogen-
terminated region) was for oxygen termination, and the lowest for
fluorine termination. The potential difference between regions with
oxygen terminations and hydrogen terminations was about 150 mV,
and between regions with fluorine and hydrogen terminations about
80 mV. Secondary electron imaging in scanning electron microscopy
(SEM) was used to identify the regions with different terminations,
since this signal shows contrast for surfaces with different electrical
properties. The wettability of surfaces with different terminations was
evaluated, yielding contact angles with pure water of 75° for oxygen
terminated regions, 83° for hydrogen-terminated regions, and 93° for
fluorine terminated regions.
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