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Abstract

R&D activities on diamond chemical vapor deposition(CVD) and field emission in the Frontier Carbon Technology Project
are presented. The topics are(1) morphology control of diamond films grown by a 60-kW, 915-MHz microwave plasma CVD
reactor,(2) growth technology of large single crystal diamond with a low density of defects,(3) heteroepitaxial growth technology
of diamond films on Pt,(4) fabrication of sharp emitter tips on single crystal diamond,(5) field emission study from diamond
particles, and(6) intense field emission from ion implanted homoepitaxial diamond layer. Research results of field emission
obtained by Kyoto University and North Carolina State University are also described.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

This article presents selected diamond film research
in the Frontier Carbon Technology(FCT) Project: (1)
diamond film growth by a 60-kW, 915-MHz microwave
plasma chemical vapor deposition(MPCVD) reactor
w1–3x, (2) growth of large single crystal by CVDw4x,
(3) heteroepitaxial growth on Ptw5x, (4) fabrication of
sharp emitter tipsw6,7x, and (5) fabrication of a field
emission device with high currentw8x. Our activities
mainly aim not at scientific findings but at development
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4147.
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of real products and production technologies for the
future. Thus, we study on(1) finding CVD conditions
for oriented growth,(2) optimization of homoepitaxial
growth without noticeable defects,(3) finding optimum
conditions for heteroepitaxy on Pt(1 1 1), (4) optimiza-
tion of diamond microfabrication processes including
reactive ion etching(RIE), and (5) optimization of
fabrication processes for a high current field emission
device. Our emphasis on technological aspects of dia-
mond films, more than on scientific aspects, in this
project is based upon our recognition that as production-
type large CVD reactors are being developed, applica-
tion areas of diamond films will be rapidly expanding,
and new businesses using diamond films as key com-
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Fig. 1. 60-kW; 915-MHz MPCVD reactor.

Fig. 2.c–T diagram obtained by a 2.45-GHz quartz-tube-type reactors

w9x.

ponents are expected to be created in the near future.
Regarding scientific aspects, however, we are strongly
supported by the members of Osaka University and
Prof. Ishikawa’s group at Kyoto University on field
emission. Also, Prof. Nemanich’s group at North Caro-
lina State University undertakes field emission measure-
ments of our specimens using photoemission electron
microscopy(PEEM) and field emission electron micro-
scopy(FEEM).
It should be noted that in the FCT Project, diamond

film research is also done by Materials Research Lab-
oratory (former NIRIM, n-type doping), Dr Okushi’s
group (deposition of high quality homoepitaxial layer
and study of electronic properties), Prof. Kawarada’s
group (microfabrication), and Mitsubishi Materials
(large area deposition by DC plasma). Our group is
closely associated with these groups. In this paper,
however, we have to leave them out due to space
limitation, but the readers can consult their past and
coming references to know the details.

2. Diamond film growth on large area

The purpose of this research is to control diamond
film morphologies, using a 60-kW, 915-MHz MPCVD
reactor(ASTeXySeki Technotron), as shown in Fig. 1,
by changing the CH concentrationc and the substrate4

temperatureT that depends on the gas pressureP ands

the microwave powerP . Our major interest is to knowm

if there are any differences ina parameters and direc-
tions of uniaxial growth between the conventional, 2.45-
GHz, quartz-tube-type small reactor that is usually
operated under conditions of(P s300–400 W,Ps30m

Torr, T s700–9008C) and the present large reactor thats

is normally operated under conditions of(P s60 kW,m

Ps100 Torr, T s700–10008C). It might be assumeds

that given c and T , a diamond film with a similars

morphology is grown in both cases. It was, however,
found that this is not really the case.
Fig. 2 shows the results ofa parameters and directions

of uniaxial growth obtained by Koidl’s groupw9x using
a quartz-tube-type reactor. This diagram has the follow-
ing features:(i) the diamond film isN1 1 0M-textured for
the small c and high T region; (ii) as thea-values

changes from 1.5 to 3.0, the uniaxial growth orientation
changes fromN1 1 0M to N1 0 0M; and (iii ) in the region
belowas3.0, the diamond film becomes microcrystal-
line. In this work, the directions of uniaxial growth were
the same as the directions of fastest growth derived from
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Fig. 3. c–T diagram for the large reactor using CHw3x. TheN1 1 1M andN1 0 0M-oriented domains were determined by X-ray diffraction and thes 4

film morphologies were observed by SEM. The rhombus and square points indicate the experimental points.

the shape of CVD diamond crystals, or equivalentlya

parameters, and this has been considered to be abasic
rule for a and the direction of uniaxial growth.
In the present work, however, we foundw3x that the

c–T diagram for the large reactor was significantlys

different from Fig. 2. Thec–T diagram, when CHys 4

H was used as the source gas, is shown in Fig. 3,2

where we evaluateda and determined uniaxial growth
directions by X-ray diffraction. One can see the follow-
ing differences between Figs. 2 and 3: in Fig. 3,(i) the
as1.5 curve is shifted to the higherT side by as muchs

as approximately 2008C; (ii) similarly, theas3 curve
is shifted to the higherT side; (iii ) diamond grainss

with well-defined facets were grown even in the region
below the curve ofas3, but only microcrystalline
diamond films were grown in Fig. 2;(iv) the diamond
films in the region below theas3 curve have an
uniaxial growth direction ofN1 1 1M, while those in the
region immediately above theas3 curve have an
uniaxial direction ofN1 0 0M. This result seems to show
that the directions of uniaxial growth are not directly
related with the direction of fastest growth derived from
a parameter, or diamond crystal shape. If this is the
case, it is in contradiction with thebasic rule mentioned
above. We have repeated growth experiments many
times and reproduced thec–T diagram of Fig. 3. Wes

do not know yet why such phenomena as(iii ) and(iv)
occurs in the present case, nor do we understand what
governs the phenomena. We can only tell at present that
either the high gas pressure or the longer microwave
length influences the film morphology. It should be
remarkable that in theN1 1 1M-oriented film(the bottom
photo of Fig. 3), the majority of the diamond faces is
(1 1 1) which tend to be directed upwards, and there are
many pairs of(1 1 1) faces that are mutually twinned.

To investigate the possibility of growing diamond
films with a-1.5, we undertook CVD experiments
using CHqCO yH as a source gas, and the result is4 2 2

shown in Fig. 4. Since both CH and CO can be carbon4 2

sources for diamond growth and oxygen generated by
decomposition of CO can etch carbon, including dia-2

mond, we definedt in such a way asts100(c(CH )y4

c(CO ))y(c(CH )yc(CO )qc(H )), wherec(X) indi-2 4 2 2

cates the concentration of X in the source gas. The
number associated with each region in Fig. 4 is thea

parameter in the region. By comparing Fig. 4 with Fig.
3, one can see the followings:(i) the curve foras1.5
and 3 are significantly shifted toward the low tempera-
ture side;(ii) diamond film growth witha-1.5 is now
possible, and indeed, cubic diamond particles witha;1
were grown, as seen in the scanning electron micrograph
(SEM) at the top of Fig. 4; and(iii ) no diamond was
formed for t(0 because of etching due to oxygen.
Thus, we now conclude that the control of diamond film
morphology is possible using CHyH or CHqCO y4 2 4 2

H as the source gas in the full range of 1(a(3 by2

the large reactor. This achievement is of significance
because one can make both highly oriented diamond
(HOD) films formed on Si substrate and spontaneously
coalesced diamond(SCD) films formed on Pt(1 1 1)
thicker in a relatively short time to enhance a coales-
cence between diamond grains at the film surface, which
will lead to single crystal diamond films.

3. Large-area single crystal diamond synthesis by the
mosaic method

It is generally recognized that practical applications
of diamond, particularly electronic applications, have
been hampered by the fact that single crystals with large
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Fig. 4.c–T diagram for the large reactor using CHqCO . The numbers associated with each region is thea parameter. See text for the definitions 4 2

of t.

Fig. 5. (a) 8 mm single crystal of CVD diamond; and(b) 12=12
mm size mosaic diamond of 1 mm thickness.2

surface areas are not commercially available. One of the
methods to solve this problem is to homoepitaxially
grow diamond by CVD on a diamond mosaic or tile
base. Such studies have been done beforew10,11x using
up to 7 pieces of diamond. In the present study, we used
16 pieces of(1 0 0)-cut Ib diamond of 3=3 and 4=4
mm in size, making the total area 1.44 and 2.56 cm ,2 2

respectively. The most difficult issue of this subject is
to deposit diamond by minimizing defects, particularly
secondary nucleation due to twin formation. To this end,
a 915-MHz, 60-kW CVD reactor was newly designed
and constructed with an aid of computer simulations on
gas flow and electromagnetic field as well as plasma
emission measurements to obtain uniform plasma and
temperature distributions across the diamond mosaic. In
the latest experiment, usingP s40 kW, Ps100 Torr,m

and 5 vol.% CHyH , a growth rate of 10mmyh was4 2

achieved.
Fig. 5a shows a CVD diamond layer with approxi-

mately 8 mm in diameter, which was deposited on a
type-Ib diamond(1 0 0) surface of approximately 7 mm
in diameter. One can notice that there is no abnormal
growth. Fig. 5b shows a mosaic specimen, where a
CVD diamond layer of approximately 1 mm thickness
was deposited. Although(1 1 1) faces are exposed at
the boundaries between adjacent diamond plates, the
gaps between the adjacent diamond plates were totally
filled up by CVD diamond. It is expected that a flat
surface can be obtained by further optimization of the
growth conditions and the basal mosaic arrangement.

4. Heteroepitaxial growth of diamond films on
Pt(1 1 1)

The purpose of this subject is to deposit a grain-
boundary-less diamond film on an area of 10 mm in
diameter. Specifically, we are developing a heteroepitax-
ial growth technology of SCD film on Pt(1 1 1) whose
diameter and thickness are 11 and 2 mm, respectively.
This is based on the finding by Shintaniw12x that a
coalesced diamond film can be deposited on Pt(1 1 1),
and we try to achieve a full coalescence over the entire
surface of the substrate. Unlike HOD films on Si or
SiC, the bias-enhanced nucleation is not necessary in
this process. The standard polishing method is used to
increase the nucleation density. Important factors for this
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Fig. 6. (a) SCD film grown on Pt(1 1 1) w5x; (b) bunched steps on
the peripheral regions;(c) SEM micrograph of B-doped film surface;
and(d) a magnified view of(c).

technology are:(i) the crystal quality of Pt must be
high, (ii) the orientations of nuclei must be best aligned
by optimizing the initial growth conditions, and(iii ) the
lateral growth conditions in the final stage must be
optimized. For experimental details, see Ref.w5x.
Fig. 6a shows a surface morphology of SCD film

grown under standard conditions. Fig. 6b shows the
surface morphology in the peripheral area of the film
deposited for 100 h. It is seen that the surface is covered
with bunched steps, and no grain boundaries are seen.
It was only 25–30% of the substrate surface that was
covered by the morphology, and otherwise the film
morphology was like the one shown in Fig. 6a. It has
been known that(1 1 1) faces of diamond tend to appear
if the diamond film is doped with boron(B). Thus, we
deposited B-doped diamond on Pt(1 1 1) by adding
B H in the source gas. As a result of 100-h growth, a2 6

well-coalesced, N1 1 1M-oriented diamond film was
grown, demonstrating that the coalescence was acceler-
ated between adjacent diamond(1 1 1) faces, as seen in
Fig. 6c and d. Experiments are ongoing to further
optimize various experimental conditions to achieve
flatter film surfaces.

5. Microfabrication of diamond surface w6,7x

Fabrication technologies of a sharp tip and its array
at (1 0 0) surfaces of single crystal diamonds is being

developed using a combination of RIE, anisotropic
growth of diamond by MPCVD, and microwave etching
using COqH . Such structures are expected to be used,2 2

for instance, for field emission tips, sensors and devices
using vacuum microelectronics, actuators, and optical
components. For such applications, a use of single
crystal diamonds is advantageous over polycrystalline
diamond films, because arrays of sharp tips with a
regular shape can be fabricated uniformly, and the
technique of anisotropic growth can be utilized.
In the RIE technique, a 13.56 MHz radio frequency

(RF) plasma generation system was used. Usually, O2

is used for diamond etching, but we found that an
addition of 1–2 vol.% CF to O gives marked effects4 2

on etching. The total gas pressure used was 2–5 Pa,
and the input RF power was 200 W. For microfabrica-
tion, circular Al masks were photolithographically fab-
ricated on(1 0 0) diamond surfaces prior to the RIE.
Consequently, an array of cylindrical columns were
made, as shown in Fig. 7a. The length of the diamond
column was 9.5mm, and its diameter was 1.2mm, i.e.
the aspect ratio is 8. The etching rate was remarkably
high, 9.5mmyh. In certain cases, very thin columnar
structures with a diameter of 0.2mm and a length of
7.5 mm were formed among the cylindrical array, pre-
sumably because residual Al particles became micro-
masks. It is remarkable that the basal etched surface
was very smooth: indeed, its roughness was smaller than
the initial diamond surface. We infer that the formation
of both the cylindrical structures with high aspect ratios
and the smooth basal surface arise from a deposition of
fluorinated carbon films that protect irregular etching.
Also, we established a method to sharpen the top of
each diamond cylinder of Fig. 7a using Al masks with
nonuniform thickness in which the central region is
thicker than the peripheral area. As the plasma etching
proceeds, the Al masks also are gradually etched from
the peripheral to the central areas, and hence a sharp
needle shape is formed. As a result, a needle with a 2-
nm top radius was fabricated.
Two other methods of fabricating protuberance on

diamond surfaces have been developed. The first method
is to start with a cylindrical column and undertake
diamond CVD under proper conditions. This result is
shown in Fig. 7b. The second method also starts with
cylindrical columns of diamond shown in Fig. 7a, but
followed by microwave etching using COqH . As a2 2

consequence, we could fabricate a variety of shapes,
from columns to protruded crystals as well as their
combinations at(1 0 0), (1 1 0) and (1 1 1) surfaces of
single crystal diamonds. This technique will be useful
for fabricating diamond electron emitters, for instance,
and currently emission measurements are ongoing.



238 K. Kobashi et al. / Diamond and Related Materials 12 (2003) 233–240

Fig. 7. (a) Array of cylindrical columns fabricated at single crystal
diamond(1 0 0) surface; and(b) array of crystals fabricated by grow-
ing diamond on cylindrical columns.

Fig. 8. Temperature dependence of field emission.(a) Fowler–Nor-
dheim (F–N) plot for H-terminated single crystal diamond(1 0 0);
and(b) F–N plot for O-terminated specimen.

6. Field emission from diamond

6.1. Temperature dependence

We are studying temperature dependence of field
emission from diamonds with H- and O-terminated
surfaces to see if there are any differences between
them. In the present study, B-doped diamond layer was
deposited on two type-Ib diamonds with(1 0 0) surfaces
of 3 mm . For the diamond CVD, 0.5% CHyH q6.252

4 2

ppm B H was used as the source gas, and the film2 6

thickness was estimated to be approximately 1mm.
After CVD, both specimens were cleaned using chromic
acid and aqua regia, and one specimen was treated by
hydrogen plasma at 60 Torr for 5 min. The filed emission
measurements were carried out using a system described
elsewherew13x. The anode is a gold ball with a diameter
of 2 mm, movable by a piezoelectric device, and the
distance between the anode and the specimen was 1.5
mm.
The results of measurements are shown in Fig. 8a

and b for H- and O-terminated specimens, respectively.
It is seen that the temperature dependence are signifi-

cantly different between the two. For the O-terminated
specimen (Fig. 8b), the field emission current first
decreased when the temperatureT was increased from
20 to 70 8C, then increased whenT was further raised
to 170 8C. By contrast, for the H-terminated specimen
(Fig. 8a), the field emission current increased monoton-
ically asT was raised from 20 to 1708C. This demon-
strates that the field emission current is strongly
dependent on how diamond surface is terminated. It
should, however, be noted that in a separate series of
experiments using B-doped polycrystalline diamond
films, in which the B H concentrations were 1 and 102 6

ppm, the field emission current of H-terminated diamond
film decreased with increasedT. We thus conclude that
the field emission current is influenced by both orien-
tation of the crystal facet and the B-doping concentration
in addition to the surface termination.

6.2. High field emission current from ion implanted
homoepitaxial diamond

It appears to be widely accepted so far that the field
emission from diamond is most efficient if the diamond
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Fig. 9. (a) Device structure using single crystal diamond; and(b) P-
implanted surface observed by SEM after electron field emission.

Fig. 10. FEEM and PEEM images of polycrystalline diamond films
with different B concentrations. The number in each figure stands for
ByC, the atomic B concentration against the C concentration in the
source gas, for CVD. The window is 50mm in diameter.

film is microcrystalline, containing a high density of
grain boundaries and graphitic components. In the pres-
ent study, we deposited a high quality homoepitaxial
diamond layer on a type-Ib diamond(1 0 0) surface,
ion implanted P, B or S, and measured the field emission
from the specimen thus made. As a result, an emission
current density of approximately 1.5 Aycm was2

achieved from the area of approximately 0.07 mm that2

had been P implantedw8x.
Fig. 9a shows a schematic structure of the specimen.

An undoped diamond layer with a thickness of 2–6mm
was deposited by MPCVD using 1 vol.% CHyH under4 2

conditions of(P s4 kW, Ps100–110 Torr, andT sm s

850–900 8C). The growth rate was approximately 3
mmyh. A cathodoluminescence measurement of this
specimen exhibited an intense free exciton band at 235
nm at room temperature, indicating that the film quality
was very high. To fabricate ohmic electrodes in the four
corners of the specimen, Ar ion was implanted to 10y16

cm to make the surface graphitic, which was then2

followed by a deposition of AuyPtyTi electrodes by
electron beam deposition. As a result, a contact resis-
tance of 10 V cm was achieved. Finally, multiple iony7

implantation of P, B or S was done to achieve an atomic

density of 10 ycm in diamond at the maximum. Fig.20 3

9b shows a SEM of the specimen surface(after the field
emission measurements) implanted with P. It is seen
that dark spots, which are actually vertical lines, were
formed by ion implantation.
For the measurement of field emission current, a rod

of W–Re alloy with a diameter of 300mm was placed
28 mm above the center of the specimen. The applied
voltage was 4 kV at the maximum. It was found that
the emission current is correlated with the conductivity
of the implanted diamond layer, and a maximum current
of 1.5 Aycm was observed for a P-implanted specimen.2

It is inferred that electrons are supplied from the ohmic
contacts at the corners, travel along the implanted layer,
and come up to the surface through the vertical channels
formed by ion implantation. Since diamond is so hard
and has such a high thermal conductivity, the specimen
was able to resist the heat generated by the channel
conduction of electrons, and sustain such a high current
density.
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6.3. PEEM and FEEM measurements w14,15x

Both PEEM and FEEM are very useful tool to identify
the location of electron emission. Such measurements
have been done at North Carolina State University for
a variety of specimens that the FCT Project had made.
One example is PEEM and FEEM measurements of B-
doped diamond films grown on p-Si(1 0 0) substrates.
The films were synthesized using a quartz-tube-type
MPCVD reactor for 12 h for atomic ByC ratio in the
source gas below 2500 ppm. The observed results are
shown in Fig. 10. We had anticipated that the field
emission intensity changes monotonously with B-doping
concentration. Unlike such an assumption, the observed
results showed that for FEEM, the intensity was maxi-
mum when ByCs1000 ppm, as seen in Fig. 10. Unlike
the results of FEEM, PEEM data showed no distinction
between specimens with different B concentrations. One
may notice that PEEM images somewhat reproduce the
original film morphology, as electrons tend to be emitted
from the top and edge areas of each grain more than
lower regions such as grain boundaries. It has not yet
been understood why the 1000-ppm B-doped specimen
emits electrons more than others, but it is inferred that
the specimen has an optimized film resistivity and
surface roughness.

7. Conclusions

For practical applications of diamond films,(i) devel-
opment of production scale reactors with precise process
control and(ii) large single crystal synthesis by homo-
and heteroepitaxy are most important at the present
stage along with feasibility studies of device and other
applications. It is our expectation that the technologies
and international collaborations established during the
FCT Project will give useful contributions for diamond
research in the coming generations.
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