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Polycrystalline diamond films were processed in a direct current plasma produced b
a self-focused electron beam using combinations of H2, O2, and He as the processing
gas. The film surfaces were observed by scanning electron microscopy, and charac
by x-ray photoelectron spectroscopy. It was found that for the case in which O2 was
included in the processing gas, a high density of etch pits appeared on (100) faces
diamond grains, and oxygen was either physisorbed or chemisorbed at the film surfa
It was demonstrated that the etching apparatus used was capable of forming at leas
5-mm wide pattern of polycrystalline diamond film.
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I. INTRODUCTION

Etching of diamond films has been investigated b
many researchers using various techniques which
summarized1–11 in Table I. However, direct-current (dc)
plasma has not been used for etching of diamond, a
only few attempts have been done to fabricate patterns
diamond films by etching.12 The present paper describe
a novel technique for etching polycrystalline diamon
films using dc plasma. The apparatus used was based
an invention of a self-focused electron beam genera
for gas lasers by Roccaet al.,21–23 and will be called
an Electron Beam-Assisted Plasma Etching (EBAP
system. It is featured by a cathode with a concave surf
and a high operational pressure up to about 10 T
(1 Torr  133 Pa). In the present study, a combinatio
of O2, H2, and He was used as the processing g
The film surfaces before and after plasma treatme
were observed by scanning electron microscopy (SEM
and characterized by x-ray photoelectron spectrosco
(XPS). Finally, a pattern formation of diamond film b
etching was demonstrated using the same apparatus

II. EXPERIMENTAL

The structure of the EBAPE system is schematica
shown in Fig. 1. The inner diameter of the chamb
is 200 mm. The cathode head was aluminum with
concave surface, whose diameter and curvature w
75 mm and 200 mm, respectively. The cathode he
was mounted on a water-cooled copper stage which w
linked to a dc generator. The chamber wall as well as t
specimen holder were grounded. The aluminum surfa
of the cathode was oxidized during the operation eith
by the processing gas or the residual air and water va
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in the chamber. Owing to the concave cathode surfa
the plasma sheath was curved along the cathode surfa
which resulted in a self-focused electron beam witho
an opposing anode. The diamond specimen was plac
on a water-cooled stage which was spaced about 150 m
from the cathode. The chamber had been evacuated b
rotary pump down to about 0.01 Torr before processin
For the processing gas, combinations of O2, H2, and
He were used with the total gas flow rate of abou
100 ccymin.

Figure 2 shows a photograph of the EBAPE syste
under operation using 0.97 ccymin O2 and 26 ccymin He
at a gas pressure of 0.25 Torr, a dc voltage of 2.9 kV, a
a current of 200 mA. The cathode is seen on the righ
hand side of the circular window, while the specimen
placed on the holder on the left-hand side. From the ca
ode toward the specimen, there exists a red cathode g
region, a dark space, and a bright blue negative glo
discharge region. Electrons are accelerated in the plas
sheath region between the cathode and the negative g
discharge region. After several experiments, it was fou
that only a 55-mm diameter area of the cathode surfa
was oxidized. Ignoring the current due to ions, it wa

TABLE I. Etching methods of diamond films.

Etching technique Processing gases Reference

Thermal O2, air 1, 2, 3, 4
Hot filament O2, H2O, O2 1 Ar 5, 6, 7
RF plasma CF4, O2, O2 1 Ar 8, 9, 10, 11, 12
Microwave plasma 1 air 13, 14
ECR plasma O2, BCl3, SF6, O2 1 Ar 15, 16, 17
Excimer laser Cl2, NO2, NH3 18, 19, 20
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FIG. 1. Schematic structure of the EBAPE system.

FIG. 2. The EBAPE apparatus under operation.

estimated that a flux of about 1.33 1016 electrons was
generated per unit surface area of the cathode per sec

If the elastic scattering cross section of electron wi
a He atom, 10215 to 10216 cm2 is used, the mean free
path of electrons is estimated to be less than 3 mm
He gas at 1 Torr. Therefore, it is unlikely that the ele
trons emitted from the cathode directly hit the specim
without collision with the processing gas molecules
this pressure. However, as seen in Fig. 2, it appears
if the plasma flows out from the cathode to the spe
men continuously, although the plasma is less unifo
for 1.2 kV at 1 Torr. Therefore, it seems that successi
J. Mater. Res., Vol. 11
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ionization steps are occurring in the plasma, and if th
is the case, the specimen is actually hit by the electro
existing in the vicinity of the specimen surface. Note
however, that when the He gas pressure is 0.02 Torr, t
mean free path of electrons is about 150 mm, which
comparable to the distance between the cathode and
specimen. Therefore, the specimen can be directly hit
electrons generated by the cathode.

In the present experiments, high an low powe
modes were used, as shown in Tables II and III. In th
high power mode using the processing parameters giv
in Table II, the temperature of the specimen, monitore
by an optical pyrometer under an assumption that th
emissivity is unity, increased quickly to about 700±C
within about two minutes after the ignition of plasma. On
the other hand, in the low power mode, the substrate d
not reach a temperature higher than 600±C, the lower
sensing limit of the optical pyrometer used. Thus, i
order to determine the substrate temperature, a se
rate experiment was undertaken using a thermocoup
in contact with the substrate. It was found that afte
three minutes from the plasma ignition, the substra
temperature went up to about 200±C, and then became
constant.

For most cases, plasma treatments were done for fi
minutes, as seen in Tables II and III. However, whe
an O2–He mixed gas was used as the processing g
(Samples C and H), the experiments were terminat
only after three minutes, as the etching rate of diamon
was too high.

Regarding diamond film preparation, about 1.5-mm
thick films were grown on low-resistivity Si substrates
using a NIRIM-type microwave plasma chemical va
por deposition (MPCVD) reactor described in Ref. 24
The growth conditions were also described in the refe
ence. A SEM photograph of the film surface is show
in Fig. 3. It is seen that the film surface consisted o
diamond grains with both triangular (111) and squar
(100) faces. On the other hand, a 5-mm thick diamond
film was used for pattern formation. In this case, the film
was grown by a different reactor described in Ref. 25
The source gas was a mixture of 5% CH4 and 95%
H2. An XPS spectrum in the valence band region o
an as grown diamond film synthesized by MPCVD is
TABLE II. Experimental conditions for the high power mode.

Reaction gases (%)

Sample O2 H2 He
Power

(kVymA)
Pressure

(Torr)
Duration

(min) Morphology XPS

A 0.0 44.5 55.5 1.2y500 1.0 15 Fig. 5(a) Fig. 4(b)
B 4.3 40.0 55.7 1.3y480 1.0 15 Fig. 5(b) Fig. 4(c)
C 0.7 0.0 99.3 1.5y480 1.0 3 Fig. 5(c) Fig. 4(d)
D 0.0 0.0 100 1.25y400 1.0 15 Fig. 5(d) Fig. 4(e)
E 0.0 0.0 100 5.5y60 0.02 15 Fig. 5(e) Fig. 4(f )
, No. 11, Nov 1996 2745
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TABLE III. Experimental conditions for the low power mode.

Reaction gases (%)

Sample O2 H2 He
Power

(kVymA)
Pressure

(Torr)
Duration

(min)

F 0.0 44.5 55.5 0.7y200 1.0 15
G 4.3 40.0 55.7 0.8y180 1.0 15
H 0.7 0.0 99.3 0.85y170 1.0 3
I 0.0 0.0 100 0.70y200 1.0 15
J 0.0 0.0 100 2.7y5.5 0.02 15

FIG. 3. SEM photograph ofas grown film synthesized by a
NIRIM-type MPCVD reactor.

shown in Fig. 4(a). Since Fig. 4(a) is a typical spectru
of diamond, it was concluded that the synthesized fi
was a high quality diamond.

III. RESULTS AND DISCUSSION

A. High power mode

Figures 5(a)–5(c) show SEM photographs of th
diamond films after the plasma treatments using H2,
O2–H2, and O2, all diluted with He. These samples ar
labeled as Samples A–C in Table II, respectively. Co
trol experiments, labeled as Samples D and E in Table
2746 J. Mater. Res., Vol. 11
e
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FIG. 4. Valence band XPS spectra of the plasma-processed sp
imen: (a) Sample A, (b) Sample B, (c) Sample C, (d) Sample D
(e) Sample E, and (f ) Sample F. For processing conditions, s
Table II.

were done using He at 1 and 0.01 Torr, and the SE
results are shown in Figs. 5(d) and 5(e), respectively.

As seen in Fig. 5(a), the surface structure was litt
modified by the hydrogen plasma treatment (Sample
except that small but dense etch pits appeared on b
(100) and (111) faces of the diamond grains. Howeve
diamond surfaces were strongly eroded by adding O2 to
the processing gas [Sample B, Fig. 5(b)]: high densi
etch pits appeared on (100) faces, while (111) fac
were uniformly etched. The etch pits on (100) face
were more prominent when O2–He was used as the
processing gas [Sample C, Fig. 5(c)]. Etch pits als
appeared by a He plasma treatment at 1 Torr [Sample
Fig. 5(d)]. This is presumably due to etching by
residual oxygen and water vapor left in the chambe
because the back pressure of the EBAPE system w
, No. 11, Nov 1996
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mple F.
FIG. 5. SEM photographs of the plasma-treated diamond films: (a) Sample B, (b) Sample C, (c) Sample D, (d) Sample E, and (e) Sa
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only 0.01 Torr. However, when the He pressure w
0.02 Torr [Sample E, Fig. 5(e)], there was no remarkab
change in the film morphology, and no etch pits we
observed.

XPS spectra in the valence region of the plasm
treated samples are shown in Figs. 4(b)–4(f). The sp
trum of H2 plasma-treated Sample A [Fig. 4(b)] has th
same structure as that ofas grown film, consisting of
the bands at 1235, 1240, and 1245 eV due to C2s,
C2s12p , and C2p, respectively. This indicated that the
surfaces of bothas grownand H2-plasma treated films
consist of only sp3 bonds. An extra band appeare
at 1230 eV when the diamond film was treated by
H2–O2 –He plasma, which was assigned to O2s. This
band was smaller for Samples C and D, even thou
the diamond film surfaces were more strongly erod
by the plasma. The XPS spectrum of Sample E, trea
by He plasma at low pressure (0.02 Torr), was typic
for graphite, indicating that the diamond surface wa
graphitized by electron bombardment, because the m
free path of electrons at this pressure is compara
to the cathode-specimen distance. The other indicatio
of the surface graphitization was seen in the bindin
energy spectrum of XPS (data not shown), where a we
shoulder appeared at 290 eV, which was assigned t
p 2 pp transition insp2 bonded networks.
J. Mater. Res., Vol. 11
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B. Low power mode

In the lower power mode, both the electric curren
and the dc bias voltage were reduced, and thus t
temperature, determined by a separate experiment us
a thermocouple, was not higher than 200±C. There was
no remarkable change in the surface morphology
the plasma-treated Samples F to J, compared with
corresponding Samples B to E in the high power mod
Similarly, XPS valence spectra of Samples F to J show
no marked difference from those of Figs. 4(b)–4(f
obtained from Samples B to E.

C. Pattern formation

In order to see if the present etching technique c
be used for a pattern formation of diamond films, a go
film mask with a 7-mm wide pattern was deposited on a
5-mm thick diamond film using a standard photolithog
raphy method. Then, the specimen was processed us
4.3 ccymin O2, 40 ccymin H2, and 55 ccymin He, at
1.0 Torr and 800±C for 60 min.

A cross section of the pattern after etching is show
in Fig. 6. It was found that the diamond film was only
5-mm wide, indicating that it was severely undercu
by the plasma. In other SEM views (not shown),
columnar structure was observed on the etched verti
, No. 11, Nov 1996 2747
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FIG. 6. Cross-sectional view of patterned diamond film. The plate
top is the gold film mask.

side of the film. This means that grain boundaries we
preferentially etched more than diamond grains und
the processing conditions employed. From Fig. 6, t
etching rate was estimated to be 40 nmymin. These
results indicated that the etching was isotropic ev
though the electron beam has the directionality.

IV. CONCLUSION

Diamond films were treated by a dc plasma
combinations of O2, H2, and He using the EBAPE
system. It was found that etch pits appeared on (10
faces except for the case of the He plasma treatmen
0.02 Torr. There was no appreciable difference betwe
the low power and high power modes. A 5-mm diamond
film pattern was achieved by the present etching meth
although the etching was significantly isotropic. It i
2748 J. Mater. Res., Vol. 11
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expected that the present method will be useful not on
for pattern formation but also for cleaning surfaces o
CVD diamond films.
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