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Nucleation and Growth of Diamond on Carbon-Implanted Single

Crystal Copper

T. P. Ong,a) Fulin Xiong, and R. P. H. Chang
Department of Materials Science and Engineering, Northwestern University,
Evanston, IL 60208

C. W. White
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831

ABSTRACT

The nucleation and growth of diamond crystals on single crystal copper

surfaces has been studied. Microwave plasma enhanced chemical vapor deposition

(MPECVD) was used for diamond nucleation and growth. Prior to diamond

nucleation, the single crystal copper surface is modified by carbon ion implantation

at an elevated temperature (-820 °C) . This procedure leads to the formation of a

graphite film on the copper surface, resulting in an enhancement of diamond

crystallite nucleation. A simple lattice model has been constructed to describe the

mechanism of diamond nucleation on graphite as <11 l>diamond parallel to

<0001>graphite and <110> diamond parallel to <1 l2 0>graphite. This leads to a

good understanding of diamond growth on carbon-implanted copper surfaces.

a)Present address : Jet Propulsion Laboratory, California Institute of Technology,

4800 Oak Grove Drive, M/S 303-308, Pasadena, CA 91109-8099



I. INTRODUCTION

The unique properties of diamond make it one of the most desirable materials

for high power electronic devices. 1 However, the technology of high quality single

crystal diamond film growth thus far is limited to homoepitaxy. 2 One reason for

this limitation is that diamond nucleation on non-diamond substrates is very

difficult due to the extremely high surface energy of diamond.3 An attempt to

grow epitaxial diamond film on a single crystal Ni substrate has met little success.4

The explanation is that nickel preferentially turns the carbon gas species into soot or

graphitic carbon.5 ,6 Koizumi et. al. 7 reported that diamond can be grown

heteroepitaxially on a single crystal c-BN substrate (lattice constant a = 3.616 A vs.

adiamond = 3.5671 A). However, a large single crystal of c-BN is even harder to

come by than diamond itself. The largest c-BN crystal that can be synthesized so far

is only 100 pm. Copper (a = 3.6148 A) is the next best candidate for the substrate,

due to its small lattice mismatch with diamond and low carbon solubility precluding

the possibility of carbide formation.

Like most other materials, the surface energy of copper is very small,

compared to that of diamond ( 'cu(100) = 2.08 Jim2; 'Ydiamond(100) - 9.2 Jim2 ).3,8

A very interesting initial study of using the copper crystals as substrates for

diamond growth is to modify the surface energy of the copper to enhance diamond

nucleation. This increase in surface energy is accomplished by carbon ion

implantation prior to diamond growth. In this paper, the study of the nucleation and

growth of diamond on modified surfaces of single crystal Cu (100) and Cu(1 11) is

presented, and a model to explain diamond growth on ion-implanted copper surface

is proposed. Aoeossion For
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II. EXPERIMENTAL

Copper shot (99.999% pure) was utilized to produce the single crystal copper

boule using the Bridgman technique. Sample pieces in a size of about 1OxlOxl mm 3

were sliced from the boule along (100) or (111) crystal orientations. Carbon ion

implantation was carried out in a vacuum at temperatures in the range of 25 oC to

840 oC with the beam energy in the range from 65 keV to 120 keV. A dose of

Ix10 18 ions/cm 2 was used for all samples.

Microwave plasma-enhanced chemical vapor deposition (MPECVD) for

diamond growth was carried out using a tubular microwave plasma reactor, as

shown in Figure 1. The discharge was maintained by a 1 kW microwave generator

operating at 2.45 GHz. A quartz reactor of 25 mm diameter and 830 mm length

was placed inside a water-cooled microwave cavity. Gas flow rates were controlled

by mass flow controllers and the pressure maintained at a deposition pressure by a

by-pass valve installed between the chamber and the mechanical pump.Temperature

measurement used a type-K thermocouple with the thermocouple junction

positioned just beneath the graphite substrate and shielded by a quartz tube

(diameter= 6 mm). The typical deposition conditions were : Flow rates: 3% Cli4 or

0.5% CH4 and 0.7% 02 in 200 sccm H2; Pressure: 33 Torr, Temperature: ?00 OC;

and Microwave power. 340 W.

A variety of analytic techniques were employed to characterize both carbon-

implanted and subsequently diamond-grown samples. The first category of the

analytical techniques included high energy ( 2 MeV ) ion Rutherford backscatering
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spectroscopy (RBS) and ion channeling measurements, x-ray diffraction analysis,

and Raman spectroscopy. They were used to determine the crystal structure and

composition of the copper substrate and diamond crystallites. The second class of

analytical measurements included various microscopy techniques, such as scanning

electron microscopy (SEM), transmission electron microscopy (TEM), scanning

tunneling microscopy (STM) and atomic force microscopy (AFM). They were used

to elucidate the structural relationship between the substrate and the crystallites..

III. RESULTS AND DISCUSSION

A. Microstructure of implanted carbon

Generally speaking, during implantation, energetic ions penetrate the target

surface and are stopped inside the target, resulting lattice damage in the near

surface region of the target. However, in the case of carbon ion implantation into a

copper substrate, different results can be obtained depending on the implantation

conditions. It should be noted that carbon solubility-in copper is very small and no

carbide can be formed. In the case of room temperature implantation of carbon into

copper crystals, the carbon atoms are embedded to a depth of -1500 A for an ion

energy of 125 keV. During subsequent thermal annealing at elevated temperature

(-800 oC), the embedded carbon atoms diffuse to the surface and form a graphite

layer. If ion implantation is carried out at an elevated substrate temperature (-800

oC) implanted carbon atoms diffuse to the surface during implantation, resulting in

graphite film formation during the implantation process. Figure 2 shows an optical

micrograph of a carbon layer on a carbon-implanted Cu (100) crystal at the

following conditions: substrate temperature of 820 OC, a dose of lx1018 ions/cm 2 ,

and the beam energy of 70 keV. Carbon islands of a size of approximately 20-30
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pm are clearly observed on the surface of the substrate. The thickness of the carbon

layer is estimated to be about 900 A (thickness = ion dose / graphite density). Figure

3 shows RBS and ion channeling spectra taken from this sample. The experiment

was performed with 2 MeV He ions at a scattering angle of 1600. Following

implantation at elevated temperature (Fig. 3) we observed that leading edge of the

random spectrum and the surface peak of the aligned spectrum are both shifted to

lower energies relative to spectra taken on an unimplanted (virgin) part of the

crystal.This energy shift is due to the presence of a 900 A carbon layer on the

surface following implantation. It is also interesting to note that the channeling

yield following implantation is only slightly greater than that in the virgin sample.

This shows that implantation at a temperature of -820 °C introducs very few

extended defects in the near surface region.

Figure 4 shows the RBS and channeling analysis following implantation at

room temperature for the same beam energy and dose. In this case, carbon is

embedded in the near surface region with a maximum in the distribution at a depth

of -800 A (Fig. 4). The channeling yield in the implanted region is quite high

following room temperature implantation. This shows that substantial lattice

disorder is produced in the near surface by room temperature implantation,

althpough but the near surface remains crystalline and has not turned amorphous by

this implantation.

X-ray diffraction analysis of a Cu(1 11) sample inplanted with carbon ions at

820 oC (see Figure 5) shows that the top layer consists of graphite with c-axis of the

hexagonal graphite lattice perpendicular to the Cu(1 11) surface. The (0002)

reflection of the graphite (0=12.840 with detector fixed at 26.540) is found to be
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misoriented within 0.50 with respect to the Cu (111) reflection. This finding is

similarly found in the case of Cu(100) substrate. The d(0002) spacing is calculated

to be 3.356 A which is in good agreement with the theoretical value of 3.354 A.

Transmission electron microscopy (TEM) analysis further confirms the

highly oriented graphitic structure of the top layer. A plane view specimen from a

Cu(1 11) sample implanted at high temperature is prepared by chemically etching

the Cu substrate away and then the graphite films are left on Cu grids. Figure 6

shows the bright field TEM micrograph and a corresponding selected area electron

diffraction pattern with the electron beam aligned parallel to the [0001] zone axis of

the graphite. The streaks which form rings around the six-spot patterns suggest that

the graphite consists of turbostratic layers (i.e. a layer with nearly random

azimuthal orientation). This finding is similar to the carbon films deposited by

pyrolysis or evaporation at high temperature on other crystalline metal

substrates.5,9-13 The neighboring crystals are misoriented to each other about the

c-axis. These graphite islands are formed by the out-diffusion process during

elevated temperature implantation through the carbon dissolution-precipitation

mechanism. 11,14,16 This mechanism relies on the extremely low solubility of C in

Cu (0.0001% at 1100 oC) 15 and the fact that copper does not react with carbon to

form a carbide because of a filled d-electron shell [ [Ar]3dl0 4s I ).14 The

preferential alignment of the graphite c-axis perpendicular to the substrate is caused

by the highly anisotropic nature of graphite lattice and the presence of a flat metal

surface. 16 Formation of these highly crystalline films is enhanced by the

crystalline nature of the copper substrate.10
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The result that a graphite film is formed on the surface during elevated

temperature implantation is in agreement with the results reported by Lee, et.al. 16 ,

but is contrary to the report by Prins, et. al. 17 that claimed that epitaxial diamond

layer was formed directly by the ion implantation technique. In Figure 6, we note

that the film develops some cracks, approximately 1000 A wide, which originate

from the difference in the coefficient of thermal expansion between graphite and

copper ((Xa-axis,graphite = 0.9 x 10-6 /K at 800 OC , c.f. 0XCu = 24 x 10-6 /K), 18

causing the graphite film to experience large compressive stress during cooling.

The cracks result in the two diffraction spots near the incident beam. They are

indexed as the (0002) reflection spots of graphite indicating that the prism planes of

graphite at the cracks are almost parallel to the copper crystal surface.

B. Diamond nucleation and growth

Diamond nucleation has been attempted on both pure and carbon implanted

Cu. The diamond crystals were grown by MPACVD using 3% CF4 and 0.7% 02 in

H2. The diamond crystals obtained on either surface are polycrystalline. No

indication of epitaxial growth or growth with preferred orientation has been

observed. However, the graphite layer on the Cu surface is found to enhance

diamond nucleation quite significantly. This is shown by the optical micrographs in

Figure 7. They depict the preferential nucleation of diamond crystals on graphite

"dots" formed on the Cu crystal surface by carbon implantation through a Ta

shadow mask at 840 OC. They also show that the diamond crystals are

preferentially found near the edges of the graphite islands, which can be clearly

seen in Fig. 7(b), which is a high-magnification micrograph.. "These findings are

further supported by the observation of massive nucleation of diamond crystals on
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the edges of the graphite cracks, as shown by the many bright spots in the SEM

micrograph given in Figure 8(b). This picture was taken on C-implanted Cu after

being exposed for 2 minutes in 1% CH4/H 2 plasma, while Figure 8(a) shows, for a

comparison, the surface feature prior to diamond nucleation. This implies that

some interesting chemistry is involved in the diamond deposition reactions on

graphitic surfaces, which will be discussed later. The Raman spectrum taken from

this sample (see Figure 9) confirms the presence of a crystalline diamond phase as

indicated by the sharp spectral feature at a wavenumber shift of 1332 cm-1.

Diamond crystals can also grow on carbon-implanted copper crystals at

room temperature, but the nucleation density is lower and the crystals are smaller

than those grown on substrates implanted at elevated temperature (for similar

deposition conditions). It is believed that the size difference is related to the time

required for the implanted carbon to diffuse to the surface where it forms a

graphite layer. Diamond crystals obtained on this kind of samples were found to be

polycrystalline also.

An attempt to nucleate diamond on Cu(1 11) implanted with carbon at 120

keV, lx1018 ion dose, and room temperature conditions yielded no difference in

results as the one grown on Cu(l 11) implanted at 60/75 keVat room temperature.

This is shown by the SEM micrographs given in Figure 10, where diamond crystals

were grown using 0.5% C-4, and 0.6% 02 in 200 sccm H2 at 33 Torr and 800 OC.

The interesting thing about this experiment is that the implanted carbon was

embedded far beneath the Cu surface (-1500 A deep) and only a trace amount of

carbon was left on the Cu surface. Prior to diamond growth, the substrate was
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exposed to H2 and 02 (200 sccm : 0.6 sccm) plasma for about 10 minutes. This was

carried out with the hope that there would be ample time for the carbon species to

slowly diffuse out to the substrate surface and to form epitaxial diamond phase with

the Cu substrate. Apparently, only polycrystalline diamonds with the distinctive

twin defects were obtained. Figure 11 shows the Raman spectrum of the diamond

crystals. A strong and sharp diamond peak shift at 1332 cm- 1 wavenumber is

clearly observed. The graphite band around 1500 cm - 1 wavenumber is present also,

but is relatively small.

In order to confirm that diamond nucleates and grows on the graphite edges

of the planes, we studied the growth of diamond on highly oriented pyrolytic

graphite (HOPG) crystals. Similar to what was found previously, diamond crystals

were found to nucleate primarily at the edges of the graphite sheet. SEM

micrographs in Figure 12 show a striking difference in the diamond nucleation

density on the prism plane [Fig. 12(a)] and the basal plane [Fig. 12(b)] of graphite.

Scanning tunneling microscopy experiments were carried out to examine the

initial stages of diamond nucleation on the HOPG surfaces. Figure 13 depicts a

STM image of a graphite crystal, which had been exposed to 3% CF4 and 0.7% 02

in H2 plasma environment at 33 Torr for one minute. The diamond crystals have

started to nucleate, as shown in bright portion in the micrograph. At the center of

this image, graphite hexagonal lattices are still visible. Indeed, we find that diamond

crystals nucleate right at the edges of the basal plane of graphite crystal. Notice that

the STM image was cdllected in the height mode to prevent the STM tip from

crashing upon encountering the diamond grains.
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C. Graphite edge chemistry

The phenomenon of the preferential nucleation of diamond near the e, 'ges

of the graphite lattic: - shown previously is not surprising when one considers the

fact that the fundamental chemistry of the basal and prism (edge) planes of graphite

is very different. It is known that the bonding on the basal plane of graphite lattice

is saturated with nr (sp2 ) bonding and the carbon-carbon bond in this plane is very

strong. Each carbon in the prism pline, however, has one dangling bond iesulting

in a lower bond strength. Many previous studies of reactions of graphite with

oxygen, 19 -26 for example, have shown strong evidence that the carbon-carbon

bonds on the edges of the carbon sheets represent the weakest and thus the most

reactive sites in the graphite lattice. Grisdale 26 reported an anisotropy factor of 17

for graphite oxidation reactions in the a and c directions, while some other

workers20 quoted a value as high as 25-27. Although the basal plane can also be

involved in the reaction 24 and its reactivity may be enhanced by the presence of

lattice vacancies 19, the majority of the action still takes place at the prism plane.

Similarly to the case of oxygen reaction, the basal plane surface of graphite is

less affected by atomic hydrogen compared to the prism plane surface.27 An

apparent reaction probability of graphite in producing CH4 or C2 -I2 products by

atomic hydrogen was found to be approximately one order magnitude higher on the

prism plane than on the basal plane at a given temperature. A sticking coefficient of

atomic hydrogen was found to be 0.02 on the prism plane and only 0.006 on the

basal plane of graphite. The same study also found that the rate constants of the
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reactions for the two planes are comparable in activation energy but much higher in

the pre-exponential factor for the prism plane.

We have carried out a study of etching of graphite by atomic hydrogen for

different times of exposure. The results, examined by STM and AFM techniques,

are given in Figure 14. The atomic STM image of the graphite basal plane surface

prior to the etching experiments is shown in Figure 14(a). A perfect hexagonal

image of the lattice is clearly resolved. The C-C bond distance is measured to be

approximately 1.4 A, in reasonable agreement with the literature value of 1.42 A.

Deterioration of the lattice by atomic hydrogen starts at a very early stage (i.e. after

approximately 1 minute etching) by the creation of many lattice vacancies as

predicted earlier. 19 ,28 This is seen in a STM image in Fig. 14(b). After three

minutes of plasma exposure [Fig. 14(c)], the surface of graphite has been so

severely roughened that the atomic imaging becomes impossible. Hexagonal etch

pits are seen and they become clearer after five minutes of the etching experiment,

as given by the AFM image in Figure 14(d). The formation of the etch pits with

hexagonal symmetry occurs because of the anisotropic reactivity of carbon along

the principal crystallographic orientations on the basal planes (<1010> and

<1120>).

It is, therefore, believed that the initial stage of diamond nucleation on a

graphitic surface involves the hydrogenation of the graphite lattice plane edges or

the disruption of the graphite basal lattice to create the edges. It should be noted

also that reactions involving the direct attachment of CHn radicals to the graphite

basal plane surface are extremely unlikely. The sticking coefficient of CHn radicals
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to an ideal graphite surface is believed to be very small, and is estimated to be --0.03

or smaller.29 "3 1 This is supported by the work of Vandentop et al.32 on the

extremely slow initial deposition rate of a-C:H onto the graphite surface. They

suggested that a disruption of the graphite surface by high-energy ions is essential

for the radicals to be attached chemically to the graphite surface.

In the hydrogenation reaction of graphite, a reaction involving hydrogen

insertion at the (1 12L) lattice ("arm-chair") planes, but not the { 10lL) planes

("zig-zag"), of graphite is considered to be the most likely reaction path23,33 in the

temperature range for CVD diamond growth. Schematic diagrams of both

elementary mechanisms are given in Figure 15. The likelihood of the occurrence

of the "arm-chair"reaction can be explained by two simple arguments. The first

argument is based on the electronic structure of the carbon edge atoms on graphite.

Coulson's model 34 , which is based on the consideration of the unsatisfied nature of

the extra electrons at the graphite edge atoms, pointed out the fact that the carbon

atoms in the "arm-chair" configuration attain a partial triple bonding character

upon pairing the electrons between the two neighboring carbon atoms. This can be

formed without significantly affecting the behavior of the resonating electrons in

the i bond system. The atoms in the "zig-zag" form, however, tend to be in

divalent states based on s2p2 hybridization. This type of configuration which allows

the two neighboring carbon atoms to form an extra o bond is energetically more

favorable with respect to the original sp2 z state. It is more stable and thus less

reactive than the triple bond. The second explanation is based on the steric

argument. The hydrogenation reaction involving the atoms in the "zig-zag" planes

entails a complicated rearrangement of it-electron systems and the steric repulsions,
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while no rearrangement in the n-electron systems is necessary to promote the

"armchair" reactions. 2 3

D. The epitaxial relationship between diamond and
carbon-implanted Cu

From the arguments presented in the previous section, it is reasonable to

say that a simpler and energetically more favorable way of nucleating diamond on

the graphitic surfaces of implanted Cu is by first hydrogenating the carbon atoms at

the graphite edge to form sp 3 hybridized CH3 bonds. This proceeds through the

disruption of carbon atoms in the ( 12L) planes. It is then followed by reaction

with hydrocarbon radical precursors from the gas phase to form diamond. Figure

16 presents a simple lattice model of a diamond nucleus on the edge of the graphite

lattice. According to the proposed model, the ( 111 ) plane of diamond is

perpendicular to the basal plane of graphite and the <1 1O>diamond is parallel to the

<1 I2 O>graphite. The proposed model is reasonable because the carbon-carbon

length in the <110> direction of diamond (2.507 A) matches that in the <1123>

direction of graphite (2.459 A) within 2 %. In fact, in the high pressure synthesis

of diamond from graphite using the explosion shock quenching method, the row of

carbon atoms along the <1120> of graphite is believed to transform into the <110>

of diamond.35 The model is also in agreement with the previous study of graphite

formation on CVD diamond films in which graphite was found to form with its

basal plane matches on or close to the { 111 ) planes of diamond.36

IV. CONCLUSIONS

In conclusion, we have made a careful study of the nucleation and growth

mechanism for CVD diamond on carbon-implanted single crystal Cu surface. The
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surface energy of Cu can be modified by carbon implantation prior to the diamond

growth. This process leads to the formation of a turbostratic graphite film on the

Cu surface through the out-diffusion process during elevated temperature

implantation by the carbon dissolution-precipitation mechanism. Because of the

significant difference in coefficient of thermal expansion between graphite and Cu,

the graphite films experience a large compressive stress during cooling, resulting in

nanometer-wide crackings.

Diamond nucleation has been found to be greatly enhanced on the graphitic

surfaces of Cu. In particular, the diamond crystals can preferentially nucleate at the

edges of graphite lattice and show no indication of epitaxial growth or growth with

preferred orientation in any sample. This result has been further supported by the

experiments conducted on HOPG crystals. This phenomenon is explained from the

unique chemistry of graphite which shows a strong anisotropic behavior when

exposed to atomic hydrogen. From our study we have constructed a simple lattice

model for diamond growth on graphitic surface of copper crystals as <11 >iam 

parallel to <0001>gphite and <110> diwn parallel to <1 120>grite. The

proposed model is reasonable because the carbon-carbon length in the <110>

direction of diamond (2.507 A) matched that of the <1120> direction of graphite

(2.459 A) to within 2 %. Our results conclude that diamond heteroepitaxy on the

carbon-implanted surface of single crystal copper does not occur.
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LIST OF FIGURE CAPTIONS

FIG. 1. 2.45 GHz microwave plasma CVD apparatus for growing diamond films.

FIG. 2. Optical micrograph of a carbon layer implanted into Cu(100) surface at
820 OC, 1 x10 18 dose, and 70 keV.

FIG. 3. RBS and ion channeling spectra of virgin and carbon implanted
Cu(100). The conditions of the implantation are : 820 OC, lxl0 18 ions/cm 2 dose,
and 70 keV.

FIG. 4. RBS and ion channeling spectra of virgin and carbon implanted Cu(100).
The conditions of the implantation are : room temperature, 1 x10 18 ions/cm2 dose,
and 70 keV.

FIG. 5. X-ray diffraction of carbon implanted Cu(1 11). The copper signal is
obtained by the normal 0/20 scan using 20 kV and 5 mA X-ray Cu Ka line. For

the case of carbon signal, the 0 scan is carried out using 40 kV and 20 mA.

FIG. 6. (a) A plan view TEM micrograph (bright field) of a carbon layer formed
by carbon ion implantation into Cu(l 11) at elevated temperature; (b) a
corresponding select area electron diffraction patter of the carbon layer.

FIG. 7. Optical micrographs (a) low magnification, (b) high magnification.
showing preferential nucleation of diamond crystals on the edges of graphite
islands on Cu(l 11). The circle patch of the graphitic islands were formed by C
implantation through a Ta shadow mask at the following conditions : 75 keV,
lx10 18 ions/cm2 dose, and 840 OC.

FIG. 8. SEM micrographs of 820 OC C-implanted Cu surfaces:(a) before and (b)
after 1% CH4/H2 plasma treatment.
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FIG. 9. Raman spectrum of diamond crystals grown on Cu (11) implanted with

carbon at 820 OC. The diamond deposition conditions are 3% CF4, 0.7% 02 in

200 sccm H2 at 33 Torr and 800 oC. The spectrum was collected using 488 rum Ar

laser line.

FIG. 10. SEM micrographs of diamond crystals grown on Cu(1 11) implanted with
carbon at 120 keV, lx1018 ion dose, and 820 OC. (0.5% CH4, 0.6% 02 in 200 sccm

H2 at 33 Torr and 800 OC).

FIG. 11. The Raman spectrum of diamond particles shown in FIG. 10.

FIG. 12. SEM micrographs showing the distinct difference in diamond nucleation

density on the (a) prism ; and (b) basal planes of HOPG crystals.

FIG. 13. STM microscope image of basal plane of perfect graphite lattice near the
edge of a step after 1 min diamond growth in 3% CF4, 0.7 % 02 and H2 plasma

environment at 33 Torr and 800 OC.

FIG. 14. Results of atomic hydrogen etching of HOPG crystals in microwave
plasma (H2: 20 sccm; He: 20 sccm; power: 100 W; 10 Torr ; 100 - 400 oc):(a)

STM image before etching; (b) STM image after 1 min. etching (b) STM image

after 3 min. etching ; (d) AFM image after 5 min. etching.

FIG. 15. The elementary mechanism for the hydrogenation of graphite via the

attack of the atoms on the : (a) ( 112L) plane ("arn-chair") ; (b) ( 10L plane

("zig-zag"). 2 3

FIG. 16. A simple model of diamond nucleus on the edge of graphite basal plane

where <11 l>diamond /<0001>graphite and <1 10>diamond / <1 12 0>graphite.
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