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The Effects of Nitrogen and Plasma Power on Electrochemical
Properties of Boron-Doped Diamond Electrodes Grown
by MPCVD
Ichizo Yagi,a,z Kentaro Tsunozaki,b Akira Fujishima, b,* Bunsho Ohtani,c

and Kohei Uosakia,*
aPhysical Chemistry Laboratory, Division of Chemistry, Graduate School of Science, Hokkaido University,
Sapporo 060-0810, Japan
bDepartment of Applied Chemistry, School of Engineering, The University of Tokyo,
Tokyo 113-8656, Japan
cCatalysis Research Center, Hokkaido University, Sapporo 060-0811, Japan

The influences of nitrogen addition and the attenuation of microwave power during microwave plasma-assisted chemical vapor
deposition~MPCVD! of diamond films on electrochemical properties of the grown films were investigated. Although diamond
films grown in the presence of a small amount of nitrogen did not contain sp2 carbon and appeared to be normally deposited films,
the electrical and electrochemical properties were different from films grown under an atmosphere without nitrogen. Especially,
the potential windows of diamond films grown in the presence of nitrogen at low microwave power were very wide and extended
to 3.6 V in sulfuric acid solution, which is comparable to the widest value of the potential window of diamond electrodes reported
till now. It was also found that the attenuation of the plasma power during MPCVD by itself was effective in the expansion of the
potential window because of the defect-free growth of diamond crystals.
© 2001 The Electrochemical Society.@DOI: 10.1149/1.1425795# All rights reserved.

Manuscript submitted March 26, 2001; revised manuscript received August 15, 2001. Available electronically December 3, 2001.
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Boron-doped diamond~BDD! thin films have become an attrac
tive electrode material because of their unique electrochemical p
erties such as a small background current, wide potential wind
chemical stability, and good response to certain redox specie1-4

These features seem to result from the fully covalent bonding
sp3-type carbon and the stable chemical termination of the diam
surface by hydrogen or oxygen atoms.

Because BDD is a p-type semiconductor, trials to obtain
n-type semiconducting diamond have been carried out by dopin
or P atoms into the diamond lattice. Although such attempts5 have
not been completely successful, an interesting effect caused by
purity addition during microwave plasma-assisted chemical va
deposition~MPCVD! and flame deposition processes on the surf
properties of diamond thin films has been reported.

Furthermore, carbon materials containing nitrogen ato
emerged as a new electrode material. For example, Yooet al. re-
ported that nitrogen-incorporated tetrahedral amorphous ca
showed a larger potential window than that of a diamond electro6

A graphite-like B/C/N compound has also been developed by s
eral research groups.7-10 This material shows a moderate charact
istics lying between graphite and boron nitride~c-BN!. For example,
B/C/N compounds are relatively large bandgap semiconductors,
the electrical character~n- or p-type!can be controlled easily by
changing the composition ratio of B and N. Thus, various appli
tions such as electrode materials for secondary batteries, l
emitting materials, and high temperature devices can be achieve
making B/C/N films and controlling their composition.

As far as diamond film growth is concerned, nitrogen dosing
been investigated, and it has been found that the crystal structu
diamond is strongly dependent on the flow rate and partial pres
of nitrogen gas in the reaction chamber during CVD.11-14 First,
Locher et al. reported the promotion of~100! textured growth of
diamond particles by addition of nitrogen in the source g
(CH4 1 H2).

13 Since then, Asmussenet al.12 and Schermeret al.14

showed that the~100! faceted films were obtained by the addition
a small amount of nitrogen during the growth of diamond film.

In addition to the atmosphere in the CVD chamber, various
rameters affect both the structure and properties of the film. B
electrodes reported up to now have been grown using different C
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methods, plasma power, growth temperature, boron concentra
and so on. These differences caused small but serious chang
both the morphology and the electrochemical properties of the
mond films. A systematic investigation should be done to underst
the importance of the parameters.

In the present study, the effects of nitrogen addition and
variation of plasma power during MPCVD on the electrochemi
properties of BDD electrodes were separately investigated. Th
two parameters were effective in the broadening of the poten
window, which is important for expanding the applicability of BD
electrodes as electrochemical sensor materials, mainly for the
performance liquid chromatography electrochemical detec
systems.

Experimental

B-doped polycrystalline diamond thin films were grown using
1.5 kW MPCVD system~ASTeX Corp., AX5000! on highly con-
ductive n-Si~111! ~<0.01V cm!. In this system, a sample stage w
heated to 773-1173 K. In this temperature region, it is known tha
good quality diamond can be grown even under small plasma po
To examine the influence of plasma power, a 5 kW MPCVD system
~ASTeX Corp., AX4200! was also used. Since the diameter of t
plasma generation electrode was 2.0 in. in both systems, the d
ence in the plasma power density between two systems can be
cated by plasma power. Hydrogen plasma was generated in
growth chamber under the hydrogen flow. An acetone/metha
mixed solution containing B2O3 ~B/C mole ratio was 1-23 103

ppm! was used as the carbon and boron sources, and nitrogen
bubbled into this solution to introduce carbon, boron, and nitrog
into the growth chamber. The flow rate of nitrogen was<5 standard
cubic centimeters per minute, which was<2% of the hydrogen flow.
Normally, we use hydrogen to introduce carbon and boron sou
into the chamber to avoid the influence of other gases. For exam
hereafter, we use Dia@104 ppm, 1.5 kW#to denote diamond films
that were grown from a solution of B/C5 104 ppm bubbled with
hydrogen at 1.5 kW plasma power and use N-Dia@2 3 104 ppm, 5
kW# to denote diamond films grown from the solution of B/C5 2
3 104 ppm bubbled with nitrogen at 5 kW plasma power. If th
growth conditions, such as B/C ratio of source solution, plas
power, changed, the notation for diamond films matches.

X-ray photoelectron spectroscopy~XPS! was carried out with a
Rika-Denki XPS spectrometer using a Mg Ka X-ray source. Depth
www.esltbd.orgution subject to ECS license or copyright; see 
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profile of XPS was obtained by repeating Ar sputtering and m
surement cycles. Electrochemical measurements were carried
using a three-electrode configuration with a Pt counter electrode
an Ag/AgCl ~saturated NaCl!as a reference. Cyclic voltammogram
~CVs! were recorded in 0.1 M H2SO4 or 0.1 M Na2SO4 solution.
The redox behavior of Fe~CN!6

42/32 was also studied at the diamon
electrodes.

Results and Discussion

Effect of plasma power.—Attenuation of the plasma powe
caused a reduction of the deposition rate resulting in diamond fi
with one tenth the thickness and a smaller crystal size. For exam
diamond films of 2.5mm thickness were grown with a 1.5 kW
MPCVD system for 10 h, although diamond films of about 30mm
thickness can be obtained by a 5 kWsystem in the same growt
time. However, the quite good quality of the diamond crystals gro
in the low plasma power regime was confirmed by Raman spe
which showed only the peaks assigned to the sp3 carbons~diamond
and amorphous!. Details of the Raman spectra are discussed l

Figure 1 shows the CVs of~a! Dia @104 ppm, 5 kW#and~b! Dia
@104 ppm, 1.5 kW#in 0.1 M H2SO4 solution. Other growth condi-
tions were the same except for the plasma power. In the low pla
power regime, the potential window was expanded to 3.5 V, wh
is the widest value reported for polycrystalline diamo
electrodes.15 It is apparent that attenuation of plasma power cau
an increase in overpotentials of both hydrogen and oxygen ev
tion. Attenuation of the plasma power caused both slower cry
growth and decrease in etching rate for the diamond film surfac
the hydrogen plasma itself, resulting in a defect-free crystal grow
Both experimental16 and theoretical17 investigations on the electro
field emission from diamond thin films have also indicated that
defect-induced midgap states played important roles. Hydrogen
oxygen evolutions are inner-Helmholtz multielectron transfer re
tions, therefore, they cannot be easily compared with field emiss
but the defect states may serve as an electron pathway. Althoug
active sites for hydrogen and oxygen evolutions at a polycrystal
diamond surface have not yet been identified, the reduction of
defects in the diamond crystals is expected to cause larger ove
tentials for the hydrogen and oxygen evolutions.

Effect of the presence of nitrogen during MPCVD.—Addition of
nitrogen during MPCVD growth did not affect the apparent struct
of the diamond films. However, the Raman spectrum of the N-
@104 ppm, 1.5 kW# ~Fig. 2a!was different from those of Dia@104

Figure 1. CVs of ~a! Dia @104 ppm, 5 kW] and~b! Dia @104 ppm,1.5 kW]
electrodes in 0.1 M H2SO4 solution. Sweep rate was 100 mV s21.
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ppm, 1.5 kW# ~Fig. 2b!. In Fig. 2a, no peak around 1200 cm21

corresponding to the amorphous sp3 is apparent, although a broa
peak is significant in Fig. 2b. It has been well known that a lar
boron concentration in diamond crystal causes a larger amorp
sp3 peak around 1200 cm21.18-20 The absence of the peak at 120
cm21 in Fig. 2a indicated a smaller amount of boron in the diamo
crystals of N-Dia@104 ppm, 1.5 kW#than the value expected from
the B/C source solution. Therefore, we speculated that the s
amount of nitrogen existing in the MPCVD chamber may have p
vented the boron from being incorporated into the diamond latt
Sonodaet al. reported21 the improvement in electrical conductivit
of BDD film by reducing the slight amount of nitrogen in as r
ceived methane source gases during MPCVD. They also indic
the reduction of hole concentration by the presence of nitrogen,
this supports our speculation. Therefore, to increase the boron
centration in a grown diamond film, an increase in the boron c
centration in the source gas or solution should be required in
presence of nitrogen. The Raman spectrum of N-D
@2 3 104 ppm, 1.5 kW#showed a broad peak at 1200 cm21 corre-
sponding to the amorphous sp3 and resembled Fig. 2b.

Figure 3 shows the CVs of diamond electrodes, which w
grown from the solution of~a! N-Dia @104 ppm, 1.5 kW#and ~b!
N-Dia @2 3 104 ppm, 1.5 kW#, measured in 0.1 M Na2SO4 solution
containing K3Fe~CN!6. The peak separation between the anodic a
cathodic peaks of N-Dia@104 ppm, 1.5 kW#wasca. 265 mV, which
is twice that observed for Dia@104 ppm, 1.5 kW#. When the B/C
ratio in the source solution was increased to 23 104 ppm, the peak
separation of N-Dia@2 3 104 ppm, 1.5 kW#became 108 mV which
is comparable to that of Dia@104 ppm, 1.5 kW#. These results indi
cate that small amount of nitrogen partly prevented boron ato
from entering the diamond lattice, and the concentration of do
boron in the diamond thin films can thus be recovered by increa
the boron concentration in the source solution even in the nitrog
containing atmosphere, during MPCVD.

Figure 2. Raman spectra of~a! the N-Dia @104 ppm, 1.5 kW] and~b!
Dia @104 ppm, 5 kW] films.
www.esltbd.orgution subject to ECS license or copyright; see 
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In Fig. 4, CVs in 0.1 M H2SO4 of ~a! the Dia @104 ppm, 5 kW#
and~b! the N-Dia@2 3 104 ppm, 5 kW#electrodes are shown. It i
clear that the addition of a small amount of nitrogen led to
broadening of the potential window. The estimated values of
potential window for every electrode investigated in the pres
study are summarized in Table I. At the diamond films grown un
high plasma power~5 kW!, introduction of nitrogen during MPCVD
affected only the overpotential for hydrogen evolution, although
attenuation of plasma power caused an increase in the overpote
for both the hydrogen and oxygen evolutions.

XPS measurement was employed to determine whether nitro
atoms were incorporated in the diamond lattice. Depth profiles o
1s core level XPS spectra of~a! N-Dia and~b! Dia by means of Ar
sputtering are shown in Fig. 5. It is interesting to note that the N
peaks of almost the same intensity were observed in the bulk of
samples. This means that the small amount of nitrogen existed
gardless of nitrogen bubbling, because the basic vacuum level o
chamber is not so high (1023 Torr!. However, the effect of intentia
addition of the nitrogen gas can be found in the N 1s spectra of
surface region~compare the bottom two spectra in Fig. 5!. While the
N 1s peak was clearly observed for the N-Dia@2 3 104 ppm, 1.5
kW# film, that of the Dia@104 ppm, 1.5 kW#film was hardly seen.

Figure 3. CVs of ~a! N-Dia @104 ppm, 1.5 kW] and~b! N-Dia @2 3 104

ppm, 1.5 kW] electrodes, measured in 0.1 M Na2SO4 solution containing
K3Fe~CN!6. Sweep rate was 100 mV s21.
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The incorporated nitrogen atom in the surface region of Dia@104

ppm, 1.5 kW#may be sputtered out by the exposure to hydrog
plasma during the stepwise attenuation of plasma power at the
of the plasma MPCVD process. A slightly higher concentration
nitrogen gas in the MPCVD chamber can cause the partial pre
vation of nitrogen atoms in the surface region of N-Dia@2 3 104

ppm, 1.5 kW#. A comparable increase in the intensity of the N
peak was also observed at BDD films chemically modified w
dinitrophenylhydrazine~DNPH! molecules which contain four nitro
gen atoms per molecule, and the surface coverage of DNPH
reported to be only 5% of the diamond surface.22 Although Notsu
et al. did not report any shift of the N 1s peak, a higher energy s
of the peak was observed in the present study in the spectrum
surface region of the N-Dia@2 3 104 ppm, 1.5 kW#. This can be
attributed to the generation of surface species containing nitro
We cannot, however, assign any chemical group, since the dete
nation of the exact energy of the N 1s peak was impossible bec
of the shift and shape change of the C 1s peak, which was use
the internal standard of the peak energy. Such a shift and a s
change of the C 1s peak by the formation of surface species
been well known.23,24In any case, we can conclude that the effect
the addition of nitrogen in the plasma chamber on the electroche
cal properties was not induced by the nitrogen atoms in the cry
lattice, but by the existence of a submonolayer amount of surf
species containing nitrogen.

Chemical termination of diamond surfaces has been known
affect the electrochemical properties. For example, conversion
hydrogen termination to oxygen termination of a BDD electro
caused a slight broadening of the potential window and reductio
the electron transfer rate for several redox systems.23 If a nitrogen-
containing chemical species exists at N-Dia surfaces, the reactiv

Figure 4. CVs of ~a! the Dia @104 ppm, 5 kW] and ~b! the N-Dia @2
3 104 ppm, 5 kW] electrodes in 0.1 M H2SO4 solution. Sweep rate was 10
mV s21.
Table I. Comparison of the potential window of various diamond electrodes investigated in the present study in 0.1 M H2SO4 solution at the
sweep rate of 100 mV sÀ1.

Negative limita

~V!
Positive limitb

~V!
Potential window

~V!

Dia @104 ppm, 5 kW# 20.950 2.125 3.075
N-Dia @2 3 104 ppm, 5 kW# 21.232 2.147 3.379
Dia @104 ppm, 1.5 kW# 21.175 2.382 3.554
N-Dia @2 3 104 ppm, 1.5 kW# 21.497 2.157 3.654

a The negative potential limit was defined as the potential where the hydrogen evolution current reached21.0 mA cm22.
b The positive potential limit was defined as the potential where the oxygen evolution current reached11.0 mA cm22.
www.esltbd.orgution subject to ECS license or copyright; see 
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for redox species, hydrogen, and oxygen evolutions may change
confirm the existence of unique surface species at N-Dia, an
oxidation24 of an N-Dia@2 3 104 ppm, 1.5 kW#surface was carried
out. In Fig. 6, CVs of~a! as-deposited N-Dia@2 3 104 ppm, 1.5
kW# and anodically oxidized N-Dia@2 3 104 ppm, 1.5 kW#at 2.5
V in 0.1 M H2SO4 are shown. A positive shift of the potential win
dow after anodic oxidation is clear, although a slight broadening
the potential window in both positive and negative directions by
same treatment was observed at Dia.23 The present result sugges
the possibility that the surface species at N-Dia is different fr
H-termination at Dia. The overpotentials for hydrogen and oxyg
evolution should be affected by the surface termination, beca
these reactions are well known to involve adsorption of an inter
diate. At the present, we can expect that the surface terminatio
N-Dia is a nitrogen-containing species with a neutral or posit
charge such as an amine group, because the electron transfer ra
the Fe~CN!6

32/42 redox system at N-Dia@2 3 104 ppm, 1.5 kW#is
comparable to Dia@104 ppm, 5 kW#as shown in Fig. 3b. If chemi-
cal groups with a negative charge or a large dipole exist at N-
@2 3 104 ppm, 1.5 kW#, the electron transfer rate for th
Fe~CN!6

32/42 redox system should decrease as well as that at
oxygen terminated diamond electrode.23

The exposure of different facets of the diamond crystals can
be a possible factor in the broadening of the potential window
N-Dia. The dominant growth of a~100! textured film by nitrogen
introduction has been reported by several groups.12,14 In recent re-
ports, the potential window of a diamond~100! single crystal25 is
much larger than that of a~111! single crystal electrode.26 Thus, the
increase in the~100! texturing at the N-Dia surface can contribute
the broadening of the potential window. X-ray diffraction~XRD!
was used to estimate the dominant facet of the grown films.
though a small~400! peak at 2u 5 119.52° was observed in th
XRD pattern of N-Dia@2 3 104 ppm, 5 kW#, the peak height is
almost the same as that of Dia@104 ppm, 5 kW#grown for the same

Figure 5. Depth profiles of N 1s core level XPS spectra of~a! N-Dia @2
3 104 ppm, 1.5 kW] film and~b! Dia @104 ppm, 5 kW] film. The times
shown in the figure indicate the Ar sputtering time. In the case of Ar sp
tering of C, the etching rate is about 0.1 nm s21 in the present XPS system
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time ~8 h!, indicating that the increase in crystal growth in the~100!
direction was not induced by the presence of nitrogen in
MPCVD chamber. Furthermore, the~100!-oriented square textur
was not dominated in the scanning electron microscope image
N-Dia. The dominant growth of the~100!-oriented diamond crysta
should require a larger nitrogen pressure as has been reported12,14

and this factor may be negligible for the expansion of the poten
window at N-Dia.

Conclusion

The potential window of diamond electrode became larger
both the attenuation of plasma power and introduction of a sm
amount of nitrogen during MPCVD growth. The attenuation
plasma power caused slower and defect-free growth of diam
crystals and increased the overpotentials for both hydrogen and
gen evolutions. For the effect of nitrogen, the existence
N-containing surface termination seemed to cause the increas
overpotential for hydrogen evolution. A detailed characterization
the surface chemical group at N-Dia is underway.
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