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The effective chemical vapour deposition rate
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The effective chemical vapour deposition (CVD) rate of diamond, defined as the total
thickness of diamond or as the mass of diamond deposited per unit time, may be increased
by orders of magnitude by increasing the substrate area per unit volume. To obtain these
high deposition rates, novel substrate designs are proposed that exploit three-dimensional
arrays of small diameter wires or fibres. The analysis suggests that the increased diamond
output should be achieved with no increase in the net gas flow or power consumption,
which could lead to the more economic production of solid diamond shapes and of
composites containing continuous or short diamond fibres, or particulate diamond.
Estimates for the cost of CVD diamond made by the fibre array technique are compared with
reported current and predicted costs for CVD diamond and estimates for the cost of CVD SiC.

1. Introduction

It has long been recognised that natural diamond
possesses a unique combination of physical, mechan-
ical and chemical properties. There is now increasing
evidence that under suitable processing conditions
many of these properties can be obtained in diamond
produced by chemical vapour deposition (CVD) [1,
27]. Hitherto CVD diamond has been available only in
the form of thin films (typically < 100 ym) on suitable
substrates, and the applications for CVD diamond
have been limited to optical coatings or coatings de-
signed to provide wear or abrasion resistance. How-
ever, thick-section, large-area, free-standing CVD
diamond deposits (300 mm diameter and > 300 um
thick) are now becoming available for the thermal
management market [3-5].

Another important development, that could sub-
stantially increase the market for CVD diamond, is
the production of continuous CVD diamond fibres
[1]. These are produced in a hot-filament reactor
(HFCVD) [6, 7] by depositing CVD diamond on to
metal wire or ceramic fibre cores held near a filament
at about 2000 °C in a methane/hydrogen mixture at
a pressure of about 30 torr (1 torr = 133.322 Pa) [6].
Deposition on to fibres has also been carried out in
a microwave reactor (MWCVD) [8]. Fibre core ma-
terials have included metallic wires such as copper,
molybdenum, tungsten and titanium [6, 7] and a var-
iety of non-metallic fibres [9-11]. The latter have been
either the very small ~10-20 um diameter fibres
produced in multifilament tows, such as Hi-Nicalon
(Si-C-0O, Nippon Carbon), Tyranno (Si-C-O-Ti,
Ube} and Nextel {Al,O3-S10,-B,03, 3M) [12] or the
larger 100-150 um diameter commercial SiC mono-
filaments [6, 8] and vapour-grown carbon fibres [13,
14]. Under the correct diamond deposition conditions
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in the gas phase, all suitable substrate surfaces, separ-
ated from each other by distances greater than the
mean free path for the active gas radicals, will be
coated simultaneously with a diamond film.

The CVD diamond fibres may be used to reinforce
polymer, metal or ceramic matrix composites. They
offer the engineer, for the first time, the possibility of
exploiting the properties of diamond on a large scale
in engineering components and structures [1, 157].
These are early days in the development of diamond
fibres and many aspects of the diamond deposition
process need further research. Of these one of the most
important is the diamond deposition rate [1]. A very
slow deposition rate of R~0.5-1 um h™! is generally
found necessary for high-quality diamond produced in
hot-filament and microwave reactors, compared with,
for example, deposition rates orders of magnitude
greater for CVD of boron and SiC fibres [9]. Higher
deposition rates lead to greater concentrations of non-
diamond polymorphs and a rapid decrease in the
elastic modulus of diamond. The slow deposition rate
is largely responsible for the high predicted cost of
CVD diamond [1], and may at present be limiting
both the market size and the diversity of the applica-
tions for CVD diamond. Major advances are
now being made in high-power microwave plasma
CVD reactors, with reported increases in deposition
rates of two orders of magnitude over the last four
years [4].

In this paper it is shown that higher effective
diamond deposition rates may be obtained by
novel substrate designs that make use of the high
surface area of wires or fibres. Together with parallel
developments in CVD reactors, these designs may
enable the more economic manufacture of diamond
composites.
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2. Diamond deposition rate

The diamond deposition rate on free-standing sub-
strates with flat and cylindrical surfaces is shown
schematically in Fig. 1. If 6x = x; is the increase in
diamond deposit thickness measured normal to the
substrate surface after a time ¢ (Fig. 1a), the conven-
tional deposition rate is given by R = x,/t.

It is sometimes convenient to consider an effective
diamond deposition rate, R ¢, defined as the rate of
increase in the total thickness of diamond in a particu-
lar direction. In the Y directions in Fig. 1, R is x,/t
for one flat surface (Fig. 1a), 2x,/t for two flat surfaces
(Fig. 1b) and 2x,/t along the diametral direction of
a cylindrical shape (Fig. 1c¢).

The volume (or mass) of diamond deposited per
unit time is also used as a measure of the deposition

L Y Deposit growth direction
L CVD diamond deposit
X Substrate
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(c}

Figure 1 Schematic diagram of three specimens with projected
areas (L, x L) after diamond deposition: (a) a single flat substrate
surface, (b) two flat substrate surfaces, and (c) cylindrical surface.

rate [4]. The specimens shown in Fig, 1 have the same
projected areas, L; X L,, and if N is the number of
specimens coated simultaneously, the volume of dia-
mond deposited is:

on multiple single flat surfaces
(Fig. 1a) Vy = x;L{L,N (1)
on multiple double flat surfaces
(Fig. 1b) V, = 2x,L{L,N 2)
on multiple cylindrical surfaces
(Fig. Ie) V3 = n(lix, +x} LN (3)

For typical values of x;/L; of 0.10-10, the corres-
ponding mass or volume ratios are V;:V,:V; = 1:2:
3.5-35. Thus, in practice, the mass of diamond depos-
ited per unit time is proportional to the total substrate
area and may be an order of magnitude greater for
cylindrical surfaces than for a single flat surface.

3. Effective diamond deposition rate on
a planar surface

The nucleation of diamond films is heterogeneous on
most materials [16, 17]. Then the effective deposition
rate, R.gf, can differ significantly in the principal direc-
tions normal (X) and parallel (Y) to the substrate. An
example of preferential diamond nucleation and col-
umnar grain growth along surface scratches and com-
plete absence of nucleation on areas between the
scratches is shown in Fig. 2 {18] and schematically
im Fig. 3a. Complete coverage of the surface sub-
sequently occurs by deposition on the faces normal to
both the directions ¥ and X until the areas between

Figure 2 Scanning electron micrograph of heterogeneous diamond nucleation on a tungsten wire surface [18].
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Figure 3 Schematic diagram of heterogeneous diamond nucleation
and growth: (a) initial nucleation, and (b) continuous diamond
coating.

the scratches are completely coated with diamond, as
shown in Fig. 3b. This explains why deposits that
initially nucleate only on scratches to produce thick
bands of diamond (Fig. 2), eventually produce con-
tinuous and uniformly thick films and not films with
a stepped surface [18].

This method of covering a surface illustrates the
effect of multiple surfaces in increasing the effective
diamond deposition rate. Consider the total increase
in diamond thickness and the effective deposition
rates, Ry, in the principal directions X and Y in
Fig. 3b. In the Y direction the corresponding values
are x; and R g = x,/t. In the X direction over a dis-
tance L, which includes deposition on six surfaces, the
values are 6x; and R = 6x,/t = 6R. In this example,
for the same deposition time, more diamond is depos-
ited in the X direction than in the Y direction. In
homogeneous diamond nucleation, surface coverage is
virtually instantaneous. In this example of heterogen-
eous nucleation, the time for surface coverage depends
primarly on the number of nuclei, N, with surfaces
normal to the X direction. A total thickness, Nx;, of
diamond is deposited at an effective diamond depos-
ition rate of Ry = Nx;/t = NR until the surface is
completely covered. This high effective diamond de-
position rate can be exploited by deposition on to
wires and fibres.

4, Effective diamond deposition rate on
wires or fibres

Consider uniform diamond deposition on to a planar
parallel array of N straight cylindrical wires of dia-
meter d; with a distance, s, between the wires (Fig. 4a).
After a time, r, the total diamond deposit thickness in
the directions Y and X is 2x; and 2Nx; respectively
(Fig. 4a,b), to give the corresponding effective dia-
mond growth rates for these directions of R, = 2R
and R = 2NR. The spaces between the wires will be
filled and a free-standing sheet will be formed (Fig. 4b)
when x; = s/2. The critical time, f., to fill the
space between the wires is dictated by the spacing
between the wires because t, = 2x,/R = s/R. Further

Fibre
cores

(a)

" O OO
i

(b}
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Figure 4 Schematic diagram of diamond deposition on cylindrical
cores: (a) section through parallel rows of cores, (b) after diamond
coating for time ¢ = ¢, to produce coating of thickness x;, and (c)
after diamond coating for time ¢ > t. to produce coating of thick-
ness x4 + Xj.

Figure 5 Example of two diamond-coated parallel Tyranno fibres
after time £ > t, to form solid diamond fibre composite of cross-
section 36 pum x 23 um [12].

coating for £ > t, will increase the thickness of the
sheet by 2x, (Fig. 4¢) and produce a smoother snrface,
but the effective deposition rate in the X direction will
be lower at Ry = 2R. An example of a three-dimen-
sional solid diamond/fibre section produced with two
coated parallel fibres after a time t > ¢, is shown in
Fig. 5.

During deposition for times ¢ < t., diamond can be
deposited on a two-dimensional fibre array at the
maximum effective rate. The arrays can be made by
microresistance welding or brazing techniques or by in
situ coating of overlapping fibre cores. An example of
a diamond array made by coating a 100 pm diameter
tungsten wire is shown in Fig. 6a; note the joint
formed where two wires overlap (Fig. 6b). A similar
diamond fibre array made by coating a 10 um
diameter non-conducting ceramic fibre (Tyranno
Si-C-O-Ti fibre) with diamond is shown in Fig. 7.
The space between the diamond fibres may be filled by
infiltrating a metal [19,20] or polymer matrix to
produce diamond fibre-reinforced composites.

It follows that a planar diamond sheet could also be
made by coating a planar wire spiral. The effective
deposition rates of diamond normal and parallel to
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Figure 6 Scanning electron micrograph of diamond fibre arrays: (a) array of diamond fibres with tungsten wire core, and (b) detail of joint in
(a) formed by diamond deposition on to overlapping tungsten wires.
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Figure 7 Scanning electron micrograph of the array of diamond fibres with Tyranno fibre cores.

a planar spiral will be R.; =2R and R, = 2TR,
respectively, where T is the number of turns in the
spiral.

5. Effective diamond deposition rate
on rings

Consider diamond deposition on to a row of N circu-
lar wire rings aligned parallel along a common axis in
the X direction with a distance between the rings
equal to s (Fig. 8a). Let the wire diameter be d; and the
ring internal diameter be D. In this and the following
deposition models, deposition will be assumed to be
uniform and to occur simultaneously on all the ring
surfaces. The effective diamond deposition rate, in
the Y direction across the ring diameter and in
the X direction along the row, will be R =4R
and R = 4NR, respectively. By analogy with the
example of parallel wires described above, after a criti-
cal time t = ¢, x; = s/2, and the space between the
rings will be filled and the growing surfaces will touch
as indicated in Fig. 8b. However, in this example,
different shapes can be obtained depending on the
values of D, s and x;.

When D > s and t =t¢., a hollow tube is formed
(Fig. 8b). Fort > ¢, further deposition will occur prim-
arily on the outside surface of the tube and increase
the tube wall thickness by dx = x, (Fig. 8¢) and in-
crease the tube diameter at a rate Ry = 2x,/t. As for
the planar sheet above, the surface of the tube will
become smoother as x, increases.

When D = s and ¢ = ¢, a cylindrical rod is formed
as surface contact is made simultaneously between the

rings and at the centre of each ring. Isolated pores, P,
are present at the centre of the rod. Further deposition
will produce a larger diameter rod with the same pore
size (Fig. 8d).

When D = 2x < s, surface contact will occur first at
the centre of each ring and closed doughnut shapes
will be formed. Further deposition will increase the
diamond thickness on the solid doughnut shapes
(Fig. 9a) until x; = s/2 and a cylindrical rod shape is
again formed with pores at P in Fig. 9b. However,
note the difference in the size and shape of the pores
predicted for the solid rod shapes manufactured by the
two different routes (Figs 8d and 9b). It should be
noted that these are idealized shapes, which are depen-
dent on the supply of active gas species around these
shapes.

6. Effective diamond deposition rate on
helical coils

Very small diameter helical coils have been made by
winding tungsten wire around wire or ceramic fibre
cores (Fig. 10) and removing the cores (Fig. 11a) [21].
Diamond deposition on to the helical wire coil
for a time ¢ < t, produces a tungsten cored diamond
spring, as shown in Fig. 12a. Alternatively, when
t =t,, x; = s/2 and a hollow diamond tube 1s formed
(Fig. 11Db) at similar effective growth rates in the prin-
cipal directions as for the row of rings considered
previously (Fig. 8b). The helical wire coil is embedded
in the tube wall. In a single helical coil the spacing, s,
may vary along the coil length, and then for a given
deposit thickness, x, regions of hollow coil and helical
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Figure 8 Schematic diagram of diamond deposition on ring cores:
(a) section through row of parallel rings, (b} after diamond coating
for time t = , to produce coating of thickness x; and form a hollow
cylinder, (c} after diamond coating for time r > ¢, to produce coating
of thickness x; + x,, and (d) cylindrical solid bar formed with
central pores at P when D =s and > ¢,.

spring may be produced, as shown in Fig. 12b. The
surface and fractured end of a helical wire diamond
fibre is shown in Fig. 13: note the fibre diameter is
~70 pm and the hollow core diameter is ~23 pum.
In theory, a solid rod shape might be obtained as for
the parallel ring case, but with a helical pore at the
centre of the rod. However, this may not be possible in
practice, because deposition conditions may favour
the formation of a hollow tube. Using rings or a helical
coil as substrates, a thick-walled hollow diamond tube
could be formed twice as fast as by conventional
deposition on to a surface of a hollow cylinder [22]. If
N rows of helical coils replaced the solid wires in
Fig. 4, the deposition rates in the Y and X directions
would be twice that for the wires, i.e. 4R and 4NR,
respectively. Voids may be reduced in size or elimi-
nated by selecting suitable spacings in the arrays. For
example, in forming a solid cylindrical shape using
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Figure 9 Schematic diagram of diamond deposition on ring cores:
{a) “doughnut” shapes produced by coating rings with D = 2x < s
and for a coating thickness x, where D < 2x < s, and (b) solid bar
produced with pores at P when x; = s/2 and D < s.

Wire

Core

Figure 10 Production of small-diameter tungsten wire coil by wind-
ing on ceramic fibre.

Wire
helical coil

CvD
diamond
coated
helical
coil

CvD diamond

Figure 11 Schematic diagram of diamond deposition on to
cylindrical coil: (a) section through coil, (b) after diamond coating
for time t =, to produce coating of thickness x; and a hollow
cylinder.

rings, smaller voids are produced via the doughnut
shape route (Fig. 9a, b) than directly via the ring route
(Fig. 8d). It is possible that the size of the voids would
be smaller in practice because of the ability to deposit
diamond in small crevasses. A possible method of
eliminating the voids is to tilt the rings to allow pro-
gressive deposition as shown in Fig. 14. These types of
design changes, together with a progressive increase in
the wire spacing with increase in-distance from the
centre of the section, will form part of the optimization



Figure 12 SEM of diamond-coated tungsten wire coils: (a) dia-
mond-coated tungsten wire spring, and (b) coated helical coil show-
ing spring at A where s > 2x; and hollow cylinder at B where
s < 2x; (see text).

Figure 13 Scanning electron micrograph of fractured diamond-
coated tungsten wire coil.

process needed to ensure maximum growth rate
throughout the deposition period and maximum bulk
density.

7. Production of short fibres and particulate
diamond
High-rate deposition may be particularly suited for
the manufacture of short diamond fibres or fine dia-
mond particulates. An example of a 25 um particle
grown on a 10 um diameter ceramic fibre is shown in
Fig. 15. Consider a three-dimensional fibre array
(Fig. 16a) of say 454 x 454 =2 x 10° fibres each of
diameter d, = 10 um and length L =50 mm, or
an equivalent surface area in the form of a ball
of separated fibre tows designed just for maximum
surface area and effective deposition rate per unit
volume. Assume a microwave plasma of dimensions

Figure 14 Schematic diagram of tilted diamond coated rings to
avoid pores forming at A.

50 mm x 50 mm x 50 mm could contain such an ar-
ray. If -a surface diamond coating of thickness
x = 50 pm and density of 3.5 Mg m™> was deposited
on all these fibres (Fig. 16b), the mass of diamond
would be 330 g with a volume fraction on the fibre of
about 99% diamond. Assuming a typical deposition
rate of 1 pm h ™, the deposition time would be 50 h,
giving a CVD diamond production rate of
330/50 = 6.6 g h~!. This might be compared with
a 1 um thick deposit on an 8 in wafer in 1 h, corres-
ponding to 0.11 g h™'. Replacing the solid fibres with
helical coils would double the mass of diamond depos-
ited per hour to 13.2 g h™* for t < z,. A coated dia-
mond fibre array could be comminuted to produce
short diamond fibres or diamond particles and mixed
with matrix material to form diamond-reinforced
composites.

8. Discussion

The above observations suggest that the time required
to manufacture thin or thick diamond fibre com-
posites might be reduced substantially by coating
three-dimensional arrays of straight or coiled wires or
fibres. Furthermore it is worth emphasizing that these
efficiency gains should be achieved with no increase in
gas or power consumption.

The time to produce a thin flat diamond composite
sheet of a given thickness would be reduced by a factor
of 2 by using parallel or spiral wires (Figs 4b, ¢, 5) or
by a factor of 4 by using rows of wire rings or helices
(Figs 8d and 9b) instead of a single flat substrate.
For example, compare the time, ¢, to produce a flat
diamond sheet of diamond thickness x = 180 pm by
deposition either on to a flat substrate or on to wire
rings. On a flat surface at R=1um h™% ¢ =180 h.
For deposition on to a row of wire rings, let the
wire diameter d; = 10um, s=D=90um, and
x; = 45 um (Fig. 8a, b), to produce a 200 pm thick
sheet with a diamond thickness through the regions
containing the wire coils of 180 um. The critical coat-
ing time, , for the rings will be 45 h (R = 4R) which
is four times faster than for the flat substrate. A thicker
sheet may be obtained by deposition for times t > ¢,
but R at these later stages will then be reduced to
2R. A smoother surface 1s, however, obtained (Fig. 8d).
It must be emphasized that a conventional diamond
sheet produced on a flat surface will have no embed-
ded wire or ceramic core reinforcement, no pores
and therefore a slightly higher volume fraction of
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Figure 15 Particulate diamond grown on 10 um diameter Tyranno fibre.
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Figure 16 Schematic diagram of fibre core array: (a) before dia-
mond coating, and (b) after diamond coating.

diamond, and will have a lower minimum thickness
and a smoother surface.

Because large numbers of fibres and hence a large
surface may be coated simultaneously, the effective
deposition rates can be very high. Consider a hypo-
thetical and extreme example using wires or fibres of
dy =20 um, coated with diamond to a thickness
x = 50 um, to give a fibre with an outside diameter of
0.12 mm and a volume fraction of 97% diamond.
A three-dimensional square array (Fig. 16) of
100 x 100 fibres of say 1 m length (length limited only
by the reactor size) could be coated in ¢ = 50 h at an
effective rate 10*/50 = 200 m h~*. This might be com-
pared with the deposition of 50 um thickness of dia-
mond on to individual 10 m length wires in 50 h at
a rate of 10/50 = 0.2 m h™*. This simple comparison
indicates the array has the potential for coating
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fibres three orders of magnitude faster than a single-
fibre technique. Alternatively deposition may be con-
tinued on this array of fibres until ¢ = t, to manufac-
ture a solid bar with a 12 mm x 12 mm cross-section
and any length. This 12 mm thickness would consist
of 10 mm thickness of diamond and would be ob-
tained in 50 h, an effective deposition rate of
200 um h™!. This rate is 200 times the rate for hot
filament, 25 times that for combustion flame and
8 times that for the d.c. arc diamond deposition tech-
niques on flat substrates [23]. There is no method at
present proposed for making CVD diamond sections
at this rate.

Hollow fibres made via the rings or helical coil
route can be made in long lengths more easily than by
etching {21] and are reinforced, but the internal sur-
face is much rougher than for an etched core. When
used in micro-heat exchangers this surface may pro-
mote convective heat transfer under turbulent flow
conditions [24]. Free-standing tubes have been made
by deposition on to one external surface of a tubular
substrate [22]. A single helical coil would reduce the
manufacturing time for a tube by a factor 2. A coiled
coil, as used for light bulb filaments, would reduce the
time by a factor of 4. There are clearly many possible
design options for exploiting coils for high-rate
deposition.

In designing for high effective diamond deposition
rates it should be noted that increasing the effective
deposition rate per unit volume by increasing
the surface area per unit volume leads to more of the
substrate material becoming embedded in the com-
posite and as the growing surfaces make contact with



each other, the substrate area and the effective dia-
mond deposition rate will decrease and porosity may
arise if parts of the section become inaccessible to the
active gas species.

Fibre arrays may be designed for particular shapes
or contours or case of manufacture and varying thick-
ness and taper sections. The use of arrays should also
allow fibre spacing, distribution and volume fraction
to be controlled. The maximum section thickness us-
ing fibre arrays will depend partly on the CVD reactor
design. The critical process stages will be the manufac-
ture and support of the arrays during coating, and
the control of temperature and gas flow rate [25]
throughout the array.

To many engineers the name diamond will auto-
matically be associated in their minds with high cost.
There is, therefore, an urgent need to détermine realis-
tic estimates of current and future CVD diamond
costs. In 1993 Busch and Dismukes [23] bravely at-
tempted to assess the trends and market perspectives
for CVD diamond. Their data suggested that in the
long term (5~15 years) deposition rates on flat surfaces
might increase to 2.57 and 3.85 g h™! for hot-filament
and microwave processing, respectively, and for the
higher temperature processes might increase to 13 and
15 g h™?! for combustion flame and d.c. arc, respec-
tively. It was also concluded from their cost modelling
that the effect of surface area on costs was insignificant
compared with the gas temperature. These con-
clusions may need to be reconsidered for the fibre
arrays discussed in this paper, which indicate a depos-
ition rate of ~13 g h~* might be achieved in a rela-
tively low-cost hot-filament system using fibre coil
arrays. The model also identified deposition rate and
deposit thickness as having the greatest leverage on
process cost. It has been shown that relatively small
deposit thicknesses on very small diameter fibres can
give rise to high diamond volume fractions. This com-
bination of high effective deposition rates and low film
thickness requirements suggest fibre arrays have con-
siderable potential for cost reduction in CVD dia-
mond processing,

It is also possible to make some cost comparisons
with current commercial continuous SiC fibres [26].
An important difference between CVD of diamond
and SiC is the deposition temperature. Because the
CVD of diamond can be carried out at a relatively low
temperature of ~900 °C compared with 1200-1300°C
for SiC [9, 10] and because electricity costs have
a large effect on the deposition costs [4], this cost
factor should be less for diamond. (The higher depos-
ition temperature for SiC precludes deposition on to
many metallic and non-metallic core materials suit-
able for diamond fibre arrays.) In the USA the re-
ported cost of CVD diamond deposited on a
flat surface at 1 um h~ ' is from $10/carat ($50g 1) in
a 75 kW microwave reactor with 90% efficiency to
$20/caratin a hot-filament reactor [4, 5]. Taking these
values and the above calculated diamond deposition
rate of 6.6 gh ™' for a large diamond fibre array,
a cost figure for CVD diamond produced in a fibre
array might be 50x0.15 = $7.6 g~! ($1.5/carat) or
$15 g~ ! ($3/carat) in a microwave or hot-filament

reactor, respectively. This would be halved for arrays
of helical coils. Estimates of the cost of commercial
continuous SiC fibre produced in the UK and USA in
1992 were $2.7-5.3 g~ ! [26]. The effective diamond
deposition rate in fibre arrays and the lower diamond
deposition temperature suggest that CVD diamond
fibre costs could range from lower than SiC fibre
to around two to three times greater than SiC
fibre. Estimates also suggest that, for solid state
consolidation of SiC fibre composites, the fibre costs
are only about 10% of the composite cost [26].
Thus minimum processing costs are vital for low-cost
composites.

9. Conclusion

The total mass of CVD diamond deposited per unit
time per unit volume is proportional to the total
substrate area per unit volume and the effective dia-
mond deposition rate, Ry, may be increased by in-
creasing the area of substrate surface coated simulta-
neously. There are many design options in the coating
of three-dimensional arrays of straight or coiled wires
or fibres and the time to manufacture the thicker
composite sections may be reduced by orders of mag-
nitude. These efliciency gains may be achieved with no
increase in gas or power consumption and could lead
to substantial reductions in the cost of diamond fibre
composites.
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