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The Effects of Nitrogen and Plasma Power on Electrochemical
Properties of Boron-Doped Diamond Electrodes Grown
by MPCVD
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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 contdioaspon 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: 10.1149/1.142579%All rights reserved.

Manuscript submitted March 26, 2001; revised manuscript received August 15, 2001. Available electronically December 3, 2001.

Boron-doped diamon@BDD) thin films have become an attrac- methods, plasma power, growth temperature, boron concentration,
tive electrode material because of their unique electrochemical propand so on. These differences caused small but serious changes in
erties such as a small background current, wide potential windowboth the morphology and the electrochemical properties of the dia-
chemical stability, and good response to certain redox sp&éies. mond films. A systematic investigation should be done to understand
These features seem to result from the fully covalent bonding ofthe importance of the parameters.
sp*-type carbon and the stable chemical termination of the diamond In the present study, the effects of nitrogen addition and the
surface by hydrogen or oxygen atoms. variation of plasma power during MPCVD on the electrochemical

Because BDD is a p-type semiconductor, trials to obtain anproperties of BDD electrodes were separately investigated. These
n-type semiconducting diamond have been carried out by doping Nwo parameters were effective in the broadening of the potential
or P atoms into the diamond lattice. Although such attefp&we ~ window, which is important for expanding the applicability of BDD
not been completely successful, an interesting effect caused by imelectrodes as electrochemical sensor materials, mainly for the high
purity addition during microwave plasma-assisted chemical vaporperformance liquid chromatography electrochemical detection
deposition(MPCVD) and flame deposition processes on the surfacesystems.
properties of diamond thin films has been reported.

Furthermore, carbon materials containing nitrogen atoms
emerged as a new electrode material. For example, efaal. re- ) ) o )
ported that nitrogen-incorporated tetrahedral amorphous carbon B-doped polycrystalline diamond thin films were grown using a
showed a larger potential window than that of a diamond elecftode. 1.5 kW MPCVD systemASTeX Corp., AX5000 on highly con-

A graphite-like B/C/N compound has also been developed by sevductive n-Si(11]1 (<0.01€ cm). In this system, a sample stage was
eral research grougs'® This material shows a moderate character- heated to 773-1173 K. In this temperature region, it is known that a
istics lying between graphite and boron nitri@eBN). For example, ~ good quality diamond can be grown even under small plasma power.
B/C/N compounds are relatively large bandgap semiconductors, and© €xamine the influence of plasma poyes kW MPCVD system

the electrical charactefn- or p-type)can be controlled easily by (ASTeX Corp., AX4200 was also used. Since the diameter of the
changing the composition ratio of B and N. Thus, various applica-Plasma generation electrode was 2.0 in. in both systems, the differ-
tions such as electrode materials for secondary batteries, lightence in the plasma power density between two systems can be indi-
emitting materials, and high temperature devices can be achieved bgated by plasma power. Hydrogen plasma was generated in the
making B/C/N films and controlling their composition. growth chamber under the hydrogen flow. An acetone/methanol

As far as diamond film growth is concerned, nitrogen dosing hasmixed solution containing f; (B/C mole ratio was 1-2< 10°
been investigated, and it has been found that the crystal structure gipm)was used as the carbon and boron sources, and nitrogen was
diamond is strongly dependent on the flow rate and partial pressurubbled into this solution to introduce carbon, boron, and nitrogen
of nitrogen gas in the reaction chamber during C¥D? First,  into the growth chamber. The flow rate of nitrogen weis standard
Locher et al. reported the promotion of100) textured growth of ~ cubic centimeters per minute, which wa2% of the hydrogen flow.
diamond particles by addition of nitrogen in the source gasNormally, we use hydrogen to introduce carbon and boron sources

Experimental

(CH, + H,).23 Since then, Asmussest al12 and Schermeet al* into the chamber to avoid the influence of other gases. For example,
showed that thé100) faceted films were obtained by the addition of hereafter, we use Dip10* ppm, 1.5 kW]to denote diamond films
a small amount of nitrogen during the growth of diamond film. ~ that were grown from a solution of B/€ 10" ppm bubbled with

In addition to the atmosphere in the CVD chamber, various pa-hydrogen at 1.5 kW plasma power and use N-[Zia< 10* ppm, 5
rameters affect both the structure and properties of the film. BDDkW] to denote diamond films grown from the solution of B#C2
electrodes reported up to now have been grown using different CVDx 10* ppm bubbled with nitrogen at 5 kW plasma power. If the

growth conditions, such as B/C ratio of source solution, plasma
power, changed, the notation for diamond films matches.

* Electrochemical Society Active Member. X-ray photoelectron spectrosco}PS) was carried out with a

2 E-mail: yagi@pchem.sci.hokudai.ac.jp Rika-Denki XPS spectrometer using a M@ K-ray source. Depth
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profile of XPS was obtained by repeating Ar sputtering and mea-
surement cycles. Electrochemical measurements were carried ou - (a)
using a three-electrode configuration with a Pt counter electrode and

an Ag/AgCl (saturated NaClas a reference. Cyclic voltammograms 3000 7
(CVs) were recorded in 0.1 M $80, or 0.1 M NgSQ, solution. -
The redox behavior of KEN)z ">~ was also studied at the diamond

electrodes. 2000

Results and Discussion A

i~ i
Effect of plasma powerAttenuation of the plasma power Q 1000
caused a reduction of the deposition rate resulting in diamond films ™~ - \j L
with one tenth the thickness and a smaller crystal size. For example,a\
(b)

diamond films of 2.5um thickness were grown with a 1.5 kW .

MPCVD system for 10 h, although diamond films of about 3t

thickness can be obtained by a 5 k§ystem in the same growth 600

time. However, the quite good quality of the diamond crystals grown

in the low plasma power regime was confirmed by Raman spectra, .. 5()()

which showed only the peaks assigned to thecspbons(diamond

and amorphous). Details of the Raman spectra are discussed later. 400 -
Figure 1 shows the CVs dh) Dia [10° ppm, 5 kW]and(b) Dia

[10* ppm, 1.5 kW]in 0.1 M H,SO, solution. Other growth condi-

ntensi

tions were the same except for the plasma power. In the low plasma 300

power regime, the potential window was expanded to 3.5 V, which me
is the widest value reported for polycrystalline diamond 200 -

electrodes® It is apparent that attenuation of plasma power caused ! ! ! ' !
an increase in overpotentials of both hydrogen and oxygen evolu- 1000 1200 1400 1600 1800
tion. Attenuation of the plasma power caused both slower crystal .

growth and decrease in gtching rgte for the diamond film surfage by RAMAN Shlft / Cm'l

the hydrogen plasma itself, resulting in a defect-free crystal growth._ )

Both experimentaf and theoretical investigations on the electron i9uré 2. Raman spectra ofa) the N-Dia [10" ppm, 1.5kW] and(b)
field emission from diamond thin films have also indicated that thePia [10° ppm, 5 kW] films.

defect-induced midgap states played important roles. Hydrogen and
oxygen evolutions are inner-Helmholtz multielectron transfer reac-
tions, therefore, they cannot be easily compared with field emission . . -
but the defect states may serve as an electron pathway. Although t}‘PeDm’ L5 k.W] Fig. 2b). In Fig. 323' no peak around 1200 ¢
active sites for hydrogen and oxygen evolutions at a polycrystalIinecorres.‘por.‘d'r.'g to the a_morphou 3p apparent, although a broad
diamond surface have not yet been identified, the reduction of th eak is significant in Fig. 2b. It has been well known that a larger

defects in the diamond crvstals is expected to cause larger overnd22ron concentration in diamond crystal causes a larger amorphous
tentials for the hydrogen gnd oxygenpevolutions. 9 P sp® peak around 1200 cnt.®2° The absence of the peak at 1200

cm™tin Fig. 2a indicated a smaller amount of boron in the diamond
Effect of the presence of nitrogen during MPCMBAddition of  crystals of N-Dia[ 10* ppm, 1.5 kW]than the value expected from
nitrogen during MPCVD growth did not affect the apparent structurethe B/C source solution. Therefore, we speculated that the small
of the diamond films. However, the Raman spectrum of the N-Diaamount of nitrogen existing in the MPCVD chamber may have pre-
[10* ppm, 1.5 kW] Fig. 2a)was different from those of Difl0* vented the boron from being incorporated into the diamond lattice.
Sonodaet al. reported® the improvement in electrical conductivity
of BDD film by reducing the slight amount of nitrogen in as re-
ceived methane source gases during MPCVD. They also indicated
J the reduction of hole concentration by the presence of nitrogen, and

this supports our speculation. Therefore, to increase the boron con-
centration in a grown diamond film, an increase in the boron con-
centration in the source gas or solution should be required in the
presence of nitrogen. The Raman spectrum of N-Dia
[2 X 10* ppm, 1.5 kW]showed a broad peak at 1200 chrorre-
sponding to the amorphous®and resembled Fig. 2b.

(b) Figure 3 shows the CVs of diamond electrodes, which were
"""""""""""" grown from the solution ofa) N-Dia [10* ppm, 1.5 kW]and (b)
N-Dia[2 X 10 ppm, 1.5 kW], measured in 0.1 M B8O, solution
containing KFe(CN). The peak separation between the anodic and
cathodic peaks of N-Dif10* ppm, 1.5 kWwasca. 265 mV, which
Iz mA cm-2 is twice that observed for Dip10* ppm, 1.5 kW]. When the B/C

ratio in the source solution was increased tx210* ppm, the peak

(a)

Current Density

I 1 T separation of N-Di2 X 10* ppm, 1.5 kW]became 108 mV which

I i i
2.0 -1.0 0 1.0 2.0 3.0 is comparable to that of Dipl0* ppm, 1.5 kW]. These results indi-
. cate that small amount of nitrogen partly prevented boron atoms
Potential / V vs. Ag/AgCl from entering the diamond lattice, and the concentration of doped

boron in the diamond thin films can thus be recovered by increasing
Figure 1. CVs of (a) Dia [10* ppm, 5 kW] and(b) Dia [10* ppm,1.5 kW] the boron concentration in the source solution even in the nitrogen-
electrodes in 0.1 M KBQ, solution. Sweep rate was 100 mV’s containing atmosphere, during MPCVD.
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The incorporated nitrogen atom in the surface region of i@

Potential / mV vs. Ag/AgCl ppm, 1.5 kW]may be sputtered out by the exposure to hydrogen
plasma during the stepwise attenuation of plasma power at the end
) . . of the plasma MPCVD process. A slightly higher concentration of
Figure 3. CVs of (a) N-Dia [10" ppm, 1.5kW] and(b) N-Dia [2 X 10° nitrogen gas in the MPCVD chamber can cause the partial preser-
ppm, 1.5 kW] electrodes, measured in 0.1 M,8@, solution containing . . . .
K4Fe(CN),. Sweep rate was 100 mv's vation of nitrogen atoms in th_e surface_ region of Nju_)mx 10t
ppm, 1.5 kW]. A comparable increase in the intensity of the N 1s
peak was also observed at BDD films chemically modified with
] ) ) dinitrophenylhydrazinéDNPH) molecules which contain four nitro-

In Fig. 4, CVs in 0.1 M HSQ, of (a) the Dia[10* ppm, 5 kW] gen atoms per molecule, and the surface coverage of DNPH was
and (b) the N-Dia[2 X 10" ppm, 5 kW]electrodes are shown. Itis reported to be only 5% of the diamond surfd&although Notsu
clear that the addition of a small amount of nitrogen led to the et al. did not report any shift of the N 1s peak, a higher energy shift
broadening of the potential window. The estimated values of theof the peak was observed in the present study in the spectrum of
potential window for every electrode investigated in the presentsyrface region of the N-Dif2 X 10* ppm, 1.5 kW]. This can be
study are summarized in Table I. At the diamond films grown under attributed to the generation of surface species containing nitrogen.
high plasma powef5 kW), introduction of nitrogen during MPCVD e cannot, however, assign any chemical group, since the determi-
affected only the overpotential for hydrogen evolution, although thenation of the exact energy of the N 1s peak was impossible because
attenuation of plasma power caused an increase in the overpotential§t the shift and shape change of the C 1s peak, which was used as
for both the hydrogen and oxygen evolutions. _ the internal standard of the peak energy. Such a shift and a shape

XPS measurement was employed to determine whether nitrogeghange of the C 1s peak by the formation of surface species has
atoms were incorporated in the diamond lattice. Depth profiles of Npeen well knowr?324In any case, we can conclude that the effect of
1s core level XPS spectra ¢d) N-Dia and(b) Dia by means of Ar  the addition of nitrogen in the plasma chamber on the electrochemi-
sputtering are shown in Fig. 5. It is interesting to note that the N 1Scq| properties was not induced by the nitrogen atoms in the crystal
peaks of almost the same intensity were observed in the bulk of bothattice, but by the existence of a submonolayer amount of surface
samples. This means that the small amount of nitrogen existed I'especies containing nitrogen.

gardless Of nitrogen bubb“ng, because the baSiC vacuum |eVe| Of the Chemical termination of diamond surfaces has been known to
chamber is not so high (16 Torr). However, the effect of intential  affect the electrochemical properties. For example, conversion of
addition of the nitrogen gas can be found in the N 1s spectra of thehydrogen termination to oxygen termination of a BDD electrode
surface regioricompare the bottom two spectra in Fig. ®hile the  caused a slight broadening of the potential window and reduction of
N 1s peak was clearly observed for the N-D&x 10* ppm, 1.5  the electron transfer rate for several redox syst&hisa nitrogen-

kW] film, that of the Dia[ 10* ppm, 1.5 kW]film was hardly seen.  containing chemical species exists at N-Dia surfaces, the reactivities

Table I. Comparison of the potential window of various diamond electrodes investigated in the present study in 0.1 MJ30, solution at the
sweep rate of 100 mV 5%

Negative limif Positive limif Potential window
(V) V) (\%]
Dia [10* ppm, 5 kW] —0.950 2.125 3.075
N-Dia [2 X 10" ppm, 5 kW] —1.232 2.147 3.379
Dia [10* ppm, 1.5 kW] -1.175 2.382 3.554
N-Dia [2 X 10* ppm, 1.5 kW] —1.497 2.157 3.654

aThe negative potential limit was defined as the potential where the hydrogen evolution current readhedA cmi 2.
b The positive potential limit was defined as the potential where the oxygen evolution current reigtiSechA cm 2
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Figure 5. Depth profiles of N 1s core level XPS spectra(aj N-Dia [2

X 10* ppm, 1.5 kW] film and(b) Dia [10* ppm, 5 kW] film. The times
shown in the figure indicate the Ar sputtering time. In the case of Ar sput-
tering of C, the etching rate is about 0.1 niit én the present XPS system.

for redox species, hydrogen, and oxygen evolutions may change. T

confirm the existence of unique surface species at N-Dia, anodi
oxidatior?* of an N-Dia[2 X 10" ppm, 1.5 kWisurface was carried
out. In Fig. 6, CVs of(a) as-deposited N-Dig2 x 10* ppm, 1.5
kW] and anodically oxidized N-Dif2 x 10* ppm, 1.5 kW]at 2.5
Vin 0.1 M H,SO, are shown. A positive shift of the potential win-

dow after anodic oxidation is clear, although a slight broadening of
the potential window in both positive and negative directions by the

same treatment was observed at Bidhe present result suggests
the possibility that the surface species at N-Dia is different from

H-termination at Dia. The overpotentials for hydrogen and oxygen

evolution should be affected by the surface termination, becaus

these reactions are well known to involve adsorption of an interme-,.New Pro
diate. At the present, we can expect that the surface termination aé

P

N-Dia is a nitrogen-containing species with a neutral or positive
charge such as an amine group, because the electron transfer rate
the Fe(CNj "~ redox system at N-Dig2 X 10* ppm, 1.5 kWlis
comparable to Di&10* ppm, 5 kW]as shown in Fig. 3b. If chemi-
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Figure 6. CVs of (a) as-deposited N-Dig2 X 10* ppm, 1.5 kW] and an-
odically oxidized N-Dia[2 X 10* ppm, 1.5kW] at 2.5 V in 0.1 M K50,
solution. Sweep rate was 100 mV's

time (8 h), indicating that the increase in crystal growth in {4€0)
direction was not induced by the presence of nitrogen in the
MPCVD chamber. Furthermore, th@00)-oriented square texture
was not dominated in the scanning electron microscope images of
N-Dia. The dominant growth of th€l00)-oriented diamond crystal
should require a larger nitrogen pressure as has been repbtted,
and this factor may be negligible for the expansion of the potential
window at N-Dia.

Conclusion

The potential window of diamond electrode became larger by
both the attenuation of plasma power and introduction of a small
amount of nitrogen during MPCVD growth. The attenuation of

lasma power caused slower and defect-free growth of diamond

rystals and increased the overpotentials for both hydrogen and oxy-
gen evolutions. For the effect of nitrogen, the existence of
N-containing surface termination seemed to cause the increase in
overpotential for hydrogen evolution. A detailed characterization of
the surface chemical group at N-Dia is underway.

Acknowledgment

This work was supported by the Japan Society for the Promotion
of Science(JSPSXor the Future Program “Exploratory Research on
Novel Artificial Materials and Substances for Next-Generation In-

ustries” and by Grants-in-Aid for Priority Area Researchs on
tium Function” from the Ministry of Education, Science,
ports and Culture, Japan. Professor Katsuaki Shindpitkaido
niversity) is acknowledged for making the X-ray photoelectron
s%ectroscopy possible.

Hokkaido University assisted in meeting the publication costs of this

cal groups with a negative charge or a large dipole exist at N-Dia2'ticle-

[2 X 10* ppm, 1.5 kW], the electron transfer rate for the

Fe(CNE"*~ redox system should decrease as well as that at the

oxygen terminated diamond electrote.

The exposure of different facets of the diamond crystals can also 3.
be a possible factor in the broadening of the potential window at 4.

N-Dia. The dominant growth of 100) textured film by nitrogen
introduction has been reported by several grodgé.n recent re-
ports, the potential window of a diamor{@00) single crystal® is
much larger than that of @.11) single crystal electrod® Thus, the
increase in th€100) texturing at the N-Dia surface can contribute to
the broadening of the potential window. X-ray diffractiOdRD)
was used to estimate the dominant facet of the grown films. Al-
though a small(400) peak at ® = 119.52° was observed in the
XRD pattern of N-Dia[2 X 10* ppm, 5 kW], the peak height is
almost the same as that of Oia0* ppm, 5 kW]grown for the same
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