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ABSTRACT We have explored the effects of atmospheric environment on Kelvin force micros-
copy (KFM) measurements of potential difference between different regions of test polycrystalline
diamond surfaces. The diamond films were deposited by microwave plasma-assisted chemical
vapor deposition, which naturally produces hydrogen terminations on the surface of the films
formed. Selected regions were patterned by electron-beam lithography and chemical terminations
of oxygen or fluorine were created by exposure to an oxygen or fluorine plasma source. For KFM
imaging, the samples were mounted in a hood with a constant flow of helium gas. Successive
images were taken over a 5-h period showing the effect of the environment on KFM imaging. We
conclude that the helium flow removes water molecules adsorbed on the surface of the samples,
resulting in differences in surface potential between adjacent regions. The degree of water removal
is different for surfaces with different terminations. The results highlight the importance of taking
into account the atmospheric environment when carrying out KFM analysis. Microsc. Res. Tech.
75:977–981, 2012. VVC 2012 Wiley Periodicals, Inc.

INTRODUCTION

Kelvin force microscopy (KFM), one of a number of
scanning probe microscopy (SPM) techniques, is a
powerful imaging method that provides information
about the potential difference between adjacent regions
on a surface. SPM techniques, including KFM, are
commonly carried out under ambient conditions (Rezek
and Nebel, 2005; Tachiki et al., 2005), although there
are also high vacuum versions (Pakes et al., 2009). It
is known that control of the ambient is necessary for sur-
face potential measurements due to the adsorbed water
layer on the surface, since it shields the surface potential
(Sugimura et al., 2002). It is also known that surface
chemistry influences the surface potential (Barth et al.,
2011; Ertl et al., 1982; Ladas et al., 1989; Shimizu et al.,
2008). To avoid the undesired effects of adsorbed water
molecules (Rezek et al., 2004), a flow of dry gas is usually
applied (Ono et al., 2001; Zaghloul et al., 2011). In the
work described here, we registered atomic force micros-
copy (AFM)/KFM images while eliminating the adsorbed
moisture on the surface, observing the behavior of the
surface potential difference. In this way we show dynam-
ically the influence of a constant flow of dry helium on
the KFMmeasurements.

MATERIALS AND METHODS

The equipment used for obtaining KFM images was
a commercial SPM, Nanoscope IIIa MultiModeTM, with
ExtenderTM electronics module from Digital Instru-
ments, Santa Barbara, CA. With this device, the KFM
image (surface potential map) is generated simultane-
ously with an AFM topographic image using the
interleave mode. We used a metal-coated cantilever
nanoprobe (MESP, Bruker AFM Probes) with resonant

frequency �60-80 kHz. Initially, the AFM/KFM images
of the surface were obtained under laboratory ambient
conditions. The AFM/KFM measurements were then
repeated and stored over a period of 5 h with a flow of
1 L/min of dry gas. The gas used for the KFM measure-
ments was helium. In this procedure, a controlled
atmosphere hood was used—basically an acrylic box
(Veeco Multimode atmospheric hood cap MMAHC) cov-
ering the entire instrument (scanner head, cantilever,
and sample) with gas input and output.

We used the interleaved mode for AFM and KFM
acquisition. In this mode, for each scan line the probe
first measures the surface topography using the AFM
intermittent contact mode. Once the topography is
obtained for a scan line, the tip is lifted from the sur-
face by a few tens of nanometers (typically �50 nm)
and scans the same line again, following the just-meas-
ured topography, registering the value of the surface
potential for each point (x, y).

In the AFM intermittent contact mode, used for
obtaining the surface topography image, a transducer
vibrates the cantilever at or very close to its resonance
frequency x so it oscillates at maximum amplitude.
Due to variations in surface height, the amplitude
varies and the system makes corrections in height so
as to maintain constant surface/tip separation. Thus a
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height is associated with each point and an image is
generated when a complete area is scanned.

For the surface potential measurements (Multimode
manual, 2004; Nonnenmacher et al., 1991; Palermo
et al., 2006) the tip must be conducting and the sample
grounded. The tip and the surface have different val-
ues of work function, utip and usurface, respectively, and
they are separated by the lift height z, forming a simple
capacitor. The voltage difference between tip and sur-
face is given by

Du
e

¼ usurface

e
� utip

e

where e is the electron charge. Then an oscillatory volt-
age Vac 5 Va sinxt is applied to the tip by the micro-
scope system. Note that the oscillation frequency x of
the applied voltage is at, or very close to, the mechani-
cal resonance frequency of the cantilever. The tip inter-
acts electrostatically with the surface, being attracted
and repelled at the same applied frequency and gener-
ates an oscillating electric force at frequency x which
causes mechanical oscillation in the cantilever that can
be detected. By adding a dc potential difference Vdc

between tip and surface, so that the tip reaches the
surface potential (Vdc 5 Du/e), the electrostatic interac-
tion is minimized and the cantilever oscillation ampli-
tude decreases to a minimum value. The applied
voltage Vdc is recorded for each point (x,y) of the scan.

The technique can be analyzed by considering the
tip/surface capacitor with total voltage given by

DV ¼ Du
e

� Vdc þ VasinðxtÞ

The energy U stored in the capacitor is U 5 1/2CDV2,
where C is the local capacitance between tip and sam-
ple. There is an electrostatic force between tip and sam-
ple due to the capacitance between them that depends
on their separation (Jacobs et al., 1998), and which is
given in terms of the tip/sample separation z as

F ¼ @U

@z
¼ � 1

2
@C

@z
DV2 ¼ Fdc þ Fx þ F2x

where

Fdc ¼ � 1
2
@C

@z

Du
e

� Vdc

� �2

þV2
ac

2

" #

Fx ¼ � @C

@z

Du
e

� Vdc

� �
Vacsin xtð Þ

� �

F2x ¼ 1
4
@C

@z
V2

accos 2xtð Þ� �
:

Noting the terms Fdc and Fx, it is clear that the mini-
mum force magnitude occurs for Vdc 5 Du/e. Thus Du/e
can be obtained by increasing Vdc to produce minimum
oscillation amplitude.

The samples used in this work were diamond films
whose surfaces were modified by a plasma treatment to
generate adjacent regions of different surface potential.
Polycrystalline diamond films were synthesized by
microwave plasma-assisted chemical vapor deposition
(MPACVD) (Salvadori et al., 1995). The films were
deposited onto polished n-type [100] silicon wafers with
dimensions 17 mm 3 17 mm and thickness about
0.3 mm. The deposition parameters were: substrate
temperature 8508C, pressure 50 Torr, hydrogen flow
rate 300 sccm, methane flow rate 3 sccm, and nitrogen
flow rate 3 sccm. A typical deposition was carried out
for 24 h. The diamond films presented clusters of nano-
crystals of size about 20 nm as observed by X-ray dif-
fraction; the film thickness was about 10 lm and the
surface roughness about 90 nm, as previously reported
(Salvadori et al., 2010). The MPACVD process natu-
rally produces hydrogen terminations on the surface of
the films formed, since the gas mixture used in the syn-
thesis contain basically carbon and hydrogen. We made
three different samples having adjacent regions with
terminations of hydrogen/fluorine, or hydrogen/oxygen
or fluorine/oxygen. To do this, the diamond film surfa-
ces were first spin-coated with polymethylmethacrylate
(PMMA) with molecular weight 950,000 purchased
from Allresist. The surfaces were then electron-beam
lithographed so as to form patterns on the surface with
some regions remaining protected by the PMMA. The
samples were exposed to an oxygen (5 min) or a sulfur
hexafluoride (9 min) plasma stream, thereby replacing
the surface hydrogen terminations by oxygen or fluo-
rine terminations, respectively, in the regions exposed
by the lithography. In this way, we produced samples
with adjacent regions containing hydrogen/oxygen and
hydrogen/fluorine terminations. For the case of the flu-
orine-/oxygen-terminated sample, first an entire sam-
ple surface was exposed to sulfur hexafluoride plasma
for 5 min, and then the sample was lithographed, as
just described, and exposed to an oxygen plasma
stream for 3 min. These processing times were chosen
based on our previous experience (Salvadori et al.,
2010) in optimizing the surface potential. A hollow-
cathode plasma gun was used (Vizir et al., 2007) for the
plasma treatment. For the oxygen plasma, the gun was
operated at a voltage of about 750 V dc and a vacuum
chamber pressure of 2.0 3 1024 Torr, with the sample
positioned 120 mm from the plasma gun. For the fluo-
rine plasma, the gun was fed with sulfur hexafluoride
gas, SF6, at an operating voltage of about 800 V dc
and a pressure of 7.5 3 1023 Torr, with the sample
positioned 15 mm from the plasma gun exit. After the
plasmas treatment, the PMMA was completely
removed from the samples by an ultrasonic bath with
acetone and isopropyl alcohol, in sequence.

For KFM imaging, we used a lift height of 50 nm,
amplitude Va 5 6 V, scan size 150 lm, and scan rate
1 Hz. We obtained one KFM image every 14 min over a
total of 5 h in helium flow. For each image, three poten-
tial profiles allowed calculation of the average potential
difference between adjacent regions with different ter-
minations.

RESULTS

Figures 1a and 1b show AFM and KFM images,
respectively, for the hydrogen/fluorine sample under
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ambient conditions. Figure 1c shows the potential
profile along the line traced in the KFM image as
shown in Figure 1b. In this potential profile, we obtain
averages as shown by the horizontal lines drawn for
each different region, thus defining a local potential
and its uncertainty. For regions with the same termi-

nations the associated potential was taken as an aver-
age; for example, in the case of Figure 1c the surface
potential with hydrogen termination was measured in
two regions, giving 89 mV and 91 mV for an average of
90 mV. In this way, the potential difference between

Fig. 1. (a) AFM and (b) KFM images of polycrystalline diamond sur-
face with adjacent regions with hydrogen and fluorine terminations,
under ambient environmental acquisition conditions. (c) Potential pro-
file along the line traced in the KFM image. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

Fig. 2. (a) AFM and (b) KFM images of polycrystalline diamond
surface with adjacent regions with hydrogen and fluorine termina-
tions, after 5 h in helium flow. (c) Potential profile along the line
traced in the KFM image. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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regions with fluorine and hydrogen terminations in the
profile of Figure 1c was obtained as VF 2 VH 5 142 6 3
mV. We measured three profiles in three different
places in the KFM image of Figure 1b, and the average
potential difference between regions with fluorine
and hydrogen terminations was found to be VF 2 VH 5
1356 7 mV.

Figures 2a and 2b show AFM and KFM images,
respectively, for the same hydrogen/fluorine sample
after 5 h in helium flow. The potential profile clearly
indicates an increase of the potential difference
between the two regions compared with the results

obtained as in Figure 1c (i.e., the same sample meas-
ured under ambient conditions).

Figure 3 shows the measured mean potential
difference between regions with hydrogen and fluorine
terminations as a function of time for which the sample
was exposed to continuous helium flow; the experimen-
tal data are represented by filled circles and the contin-
uous line shows the exponential curve DV 5 c 2 e2at,
where c and a are constants (chosen here for best fit).
As mentioned above, the potential difference between
regions with hydrogen/fluorine terminations under am-
bient conditions was 135 6 7 mV. After 3 h in helium
atmosphere the potential difference has saturated at
an average value of 280 6 8 mV (mean of the last five
values in Fig. 3)—an increase of 107% above that
under ambient conditions. The procedure for obtaining
each point shown in Figure 3 was basically the same as
described.

Figures 4 and 5 show the mean potential differences
between regions with hydrogen and oxygen termina-
tions, and with fluorine and oxygen terminations,
respectively, as a function of time for which the sam-
ples were exposed to continuous helium flow. One can
see an approximately linear increase in the potential
difference with time for both cases. For the hydrogen/
oxygen terminated surface, the potential difference
under ambient conditions was 153 6 5 mV, increasing
by 5%, after 5 h in helium flow. For the fluorine/oxygen
terminated surface, the potential difference under
ambient conditions was 35 6 1 mV, increasing by 17%
after 5 h in helium flow.

We have reported prior work (Salvadori et al., 2010)
indicating the contact angle (with deionized pure
water) of diamond surfaces terminated by fluorine
(938), hydrogen (838), and oxygen (758). We can associ-
ate these prior results with the results obtained here
with flowing helium gas during KFM measurements.
Surfaces with hydrogen/fluorine terminations are rela-
tively hydrophobic, allowing easier removal of the layer

Fig. 3. Potential difference between regions with hydrogen and
fluorine terminations as a function of exposure time to helium flow.
The experimental data are represented by filled circles and the con-
tinuous line is a best-fit showing the exponential behavior of the data.

Fig. 4. Potential difference between regions with hydrogen and ox-
ygen terminations as a function of exposure time to helium flow. The
experimental data are represented by filled circles and the continuous
line is a best-fit showing the linear behavior of the data.

Fig. 5. Potential difference between regions with fluorine and oxy-
gen terminations as a function of exposure time to helium flow. The
experimental data are represented by filled circles and the continuous
line is a best-fit showing the linear behavior of the data.
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of water adsorbed on the surface. Thus here we found
that the potential difference increased (exponentially)
by as much as 107%. However surfaces with hydrogen/
oxygen and fluorine/oxygen terminations are more
hydrophilic, and it is more difficult to remove the layer
of water adsorbed on the surface. This is consistent
with our observations reported here that the potential
difference exhibits only a small (linear) growth, with
gains of 5% and 17%, respectively.

CONCLUSION

Our KFM measurements show the influence of
environmental moisture shielding the surface potential
of MAPCVD diamond film surfaces. The samples
were mounted in a suitable hood with a constant flow of
1 L/min of helium gas, and images taken over a 5 h
period under continuous helium gas flow, to study the
environmental effect on KFM imaging. The potential
difference increased by 107%, from 135 mV to 280 mV,
for neighboring surface regions with hydrogen and fluo-
rine terminations, and by 5% and 17% for neighboring
surface regions with hydrogen/oxygen and fluorine/
oxygen terminations, respectively. These results imply
that it is more difficult to remove the water layer
adsorbed on the surface when the surface is terminated
with oxygen (a more hydrophilic surface), and point out
the need for carrying out the KFM in a flow of dry gas.
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