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This paper presents a systematic study on diamond growth on copper by microwave
plasma chemical vapour deposition (MPCVD). It includes the following four main parts.

1. Effect of substrate pre-treatment on diamond nucleation. 2. Effect of deposition
conditions on diamond nucleation and growth. 3. Preparation of free-standing diamond
films using copper substrate. 4. Adherent diamond coating on copper using an interlayer. In
the first part we show that diamond nucleation on copper is strongly affected by the
substrate pre-treatment. The residues of abrasives left in the surface of the copper
substrate play an important role in the diamond nucleation. In the second part we show
that the diamond growth rate increases with microwave power and gas pressure. The
effect of the microwave power is mainly an effect of substrate temperature. Increasing
methane concentration results in a higher nucleation density and higher growth rate, but at
the cost of a lower film quality. Gas flow rate has little influence on the diamond nucleation
density and growth rate. In the third part we demonstrate the possibility of preparing large
area free-standing diamond films using copper substrate, which has nearly no carbon
affinity and usually leads to weak adhesion of the diamond films. The normally observed
film cracking phenomenon is discussed and a two-step growth method is proposed for
stress release. In the fourth part we show that adherent diamond coating on copper can be
obtained using a titanium interlayer. Residual stress in the films is evaluated by Raman
spectroscopy. It is found that with increase in the film thickness, the diamond Raman line
shifts from higher wave numbers to lower, approaching 1332 cm~"'. The stress variation
along the depth of the film is also analysed using Airy stress theory. © 17999 Kluwer
Academic Publishers

1. Introduction which is the most common substrate used for CVD
Diamond growth on copper is an interesting topic indiamond so far. Thus, investigation of diamond growth
both practical and theoretical research. This is becausen copper enables us to understand better the diamond
first, copper is one of the most common and widelynucleation mechanism, which is still not very clear, as
used materials in today’s industry. If diamond could bewell as to compare the growth characteristics on differ-
deposited on it, there would be many potential applica€ent kinds of substrate materials.

tions due to the extreme mechanical, thermal, optical, The fact that copper does not form carbide usually
and electrical properties of diamond. For example, di+esults in weak adhesion of the diamond film, as there
amond coating on copper may find applications wherds no necessary “glue” at the diamond and copper inter-
good thermal conductivity as well as electrical insula-face [1]. If free-standing diamond films are desired, this
tion is required. Secondly, like diamond, copper pos-can be an advantage. At present the common method to
sesses a cubic structure and its lattice parameter @repare free-standing diamond film is, first, to deposit
similar to that of diamond (diamonal=3.567 A Cu the film on substrates like Si, Mo, and Ta, which are
a=3.608 A. Therefore, in heteroepitaxial growth of carbide forming materials. Then the film is separated
diamond on copper the lattice mismatch can be smalffrom the substrate by chemical etching or mechanical
Furthermore, copper is a material that has almost no capeeling. If relatively pure and uniform diamond films
bon affinity. Diamond growth on copper may presentare required, it is necessary to eliminate the interfacial
aspects that differ from the mechanism of diamondcarbide layer between the substrate and the diamond
growth on carbide forming materials such as silicon,film. In this sense, it is significant to use substrates with
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almost no carbon solubility and reaction. This makespreparation and the deposition conditions are given in
copper a promising candidate for direct preparation otorresponding sections. To understand the effect of
high quality free-standing diamond films and we showeach parameter on the growth characteristics of the
this possibility in this paper. On the other hand, manydiamond, a series of experiments were conducted by
applications may require good adhesion of diamondthanging only one parameter in each deposition pro-
coating on copper. In these cases, the non-carbon afficess while other parameters were fixed at their typical
ity of copper appears a disadvantage. To overcome thigalues that will be given in a later section.
problem, Narayarmet al. have showed that good adhe- The deposits were characterised by a Renishaw 2000
sion can be achieved by pulsed laser irradiating andRaman spectroscopy system and by a Hitachi 4100
melting the copper surface so that the diamond parscanning electronic microscope (SEM). The Raman
ticles can be embedded into the substrate [2]. In thisystem uses a 633 nm He-Ne laser. At this wavelength
paper, we demonstrate that adherent diamond coatinfpe Raman spectra of non-diamond phases of carbon
on copper can also be obtained by using a titaniunare enhanced because of a resonance effect, in which
interlayer. the non-diamond forms of carbon scatter more effec-

Actually, one of the main obstacles that hinders diaively than diamond at longer excitation wavelength.
mond growth on copper is that thermally induced stres§ he micro-Raman spectral resolution is 1¢m
in the diamond film may be very large due to the large To prepare a buffer layer, the copper substrates were
difference in thermal expansion between diamond andirst polished with a sequence of SiC sand papers down
copper (at room temperatutgiamond~ 1 x 10°6/K,  to 600 grid. Then they were ultrasonically cleaned in
acy® 17.6x107%/K). This thermal stress influences acetone for 20 min. Finally, a titanium layer approx.
the adhesion in a negative way and usually causes filr@ um thick was applied by DC sputtering. Adhesion
cracking during the post-cooling procedure after de-of the diamond coating was evaluated by pull-off tests
position. So, to avoid film cracking, the thermal stressusing a SHIMADZU AGS-5KND tension/compression
must be released or reduced, especially when preparirngster. An epoxy cement was used to bond a cylindri-
thin, free-standing films. Probably due to this difficulty, cal metal stud of 3 mm in diameter to the sample sur-
so far, there are only a few reports on diamond growtlface. The metal stud was held by a fixed clamp, and
on copper [2-10]. No systematic reports are given orthe sample by another one that was driven by a mo-
the basic growth characteristics, such as the nucleatiotor and could move up and down at a constant speed.
behaviour, effect of deposition conditions on the film The pulling force was normal to the sample surface
growth, synthesis of large area diamond film using cop-and was recorded automatically by a computer during
per substrate, and adherent diamond coating on coppehe test.

In this paper we present a detailed study on diamond
growth on copper. In order to control the diamond nu-
cleation and growth, we f_irst investigate .the substratey Results and discussion
pre-treatment effect on dlamonq nucleation. Then the; 1 Effect of substrate pre-treatment on
deposition parameter effect on diamond nucleation an diamond nucleation

growth is studied. On the base of these investigation§y, e inyestigation of the substrate pre-treatment effect,
free-standing diamond films are prepared using coppgg, e deposition conditions were fixed as follows, if not

substrates. A two-step growth method is proposed tQenyise stated: microwave power, 2500 W: gas pres-

overcome the film cracking problem. Finally, we showsure 80 Torr: H flow rate, 478 sccm; Ciiflow rate

that adherent diamond coating on copper can be 03 goom: G flow rate, 1 scem: deposition time, 30 min.

tained by using a titanium interlayer. Residual stress iny| the substrates were first polished with a sequence

the diamond films is analysed. of SiC sand papers down to 2400 grid and then pre-
treated differently. Ultrasonic cleaning was performed
in ethanol.

2. Experimental

Polycrystalline copper foil%£99.9%) 1 mm thick was

used as substrate if not otherwise indicated. Diamond- 7- 1. Effect of polishing duration

synthesis was conducted using an ASTeX PDS18, 2.45he copper substrates were polished witprh dia-
GHz MPCVD system. A cooled sample stage was in-mond paste for 0.5-15 min followed by an ultrasonic
stalled in this system. The process gases wese Hcleaning for 3 min. It was found that the nucleation
CHy and 0. The substrate was put on a Mo samp|eden5ity increased with ianeaSing the pollshlng time as
holder that was placed on the sample stage. The sutghown in Fig. 1. However the increase is non-linear,
strate pre-treatment included polishing with SiC sandndicating a saturation effect for times above 10 min.
papers, polishing on fine cloth with diamond pastes, di-

amond powders, AD3 pastes, and ultrasonic cleaning.

The main deposition parameters that influenced the di3. 1.2. Effect of particle size and polishing

amond growth characteristics were microwave power, materials

gas pressure, gas flow rate, reaction gases and their cofike copper substrates were polished with 0.25+b
centrations. Substrate temperature was not an indepediamond paste, respectively. Polishing duration was
dent parameter in this system. It was controlled mainly3 min followed ty a 3 min ultrasonic cleaning.
by the microwave power. Details about the substratd-ig. 2 shows that the nucleation density increases with
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Figure 1 Nucleation density dependence on polishing duration.
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Figure 2 Nucleation density dependence on particle size in the diamond

paste and diamond powder. Figure 3 Diamond nucleation sites on Cu substrates polished in different
sequence. (a) Sample 1: sandpapef um diamond paste- 0.25um
diamond paste+ 0.25um Al,O3 paste. (b) Sample 2: sandpape3

decrease in size of the diamond particles in the paste4™ A1203 Paste+ 0.25um AlzO; paste+- 0.25.m diamond paste.
The same tendency was found when the diamond paste
was replaced by diamond powder (see Fig. 2). However,
polishing with diamond powder resulted in a relatively diamond paste for 3 min and ultrasonically cleaned for
higher nucleation density. 3-90 min. A small decrease in nucleation density with
As a comparison, the copper substrates were polncrease in the ultrasonic cleaning time was noted. For
ished with AbO3 pastes down to 0.26m. The nucle- example, ultrasonic cleaning for 3 min resulted in a nu-
ation density on these samples was about 2 orders @feation density of approx.8x 10?/cm?, while the nu-
magnitude lower than on those polished with .28  cleation density was still as high as about:t 10°/cn?
diamond paste. In addition, the nucleation sites on sam@fter an ultrasonic cleaning for 90 min. On samples ul-
ples polished with only the sandpaper were very few. trasonically cleaned for 5 min no large remains from
Two different polishing sequences were also per-pO”Shing materials were found. This time of ultrasonic
formed. In the first sequence (sample 1) the substrateleaning therefore seems to be sufficient.
was polished with um diamond paste, 0.2bm dia-
mond paste and finally with 0.25m Al,Os3 paste. In
the second sequence (sample 2) the substrate was pd:1.4. Summary
ished with 3um Al,Oz paste, 0.25wm Al,Oz paste and  In view of these pre-treatment results, we see that the
finally with 0.25.m diamond paste. Polishing duration residues from the polishing process play an important
for each sample was 3 min for the first two steps andole in the diamond nucleation on copper. Fig. 3 gives
0.5 min for the final step. An ultrasonic cleaning for strong support to this idea. For sample 1 shown in
3 min was performed after each polishing step. Fig. JFig. 3a, the final AJO3 paste polishing removed much
shows that the nucleation density on sample 1 is muchf the diamond residue left in the copper surface from
lower than on sample 2. previous polishing steps. So the nucleation density de-
creased. On the contrary, a reverse polishing sequence,
that is, AbO3z paste polishing followed by diamond
3.1.3. Effect of ultrasonic cleaning duration paste polishing, leads to much higher nucleation den-
after polishing sity (Fig. 3b). This experimentis also in agreement with
The copper substrates were polished witlum di-  those found on Si substrate [11].
amond paste for 3 min and ultrasonically cleaned in Smaller diamond particle size in polishing materi-
ethanol for 3 min. Then they were polished witlun  als, longer polishing duration, and/or using diamond
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Figure 4 SEM images of diamonds synthesized at different microwave power (a) 1500 W, (b) 1800 W, (c) 2400 W, and their Raman spectra (d) with
shifted base lines as indicated.

powder result in higher nucleation density as a result 08.2. 1. Effect of microwave power and
higher residue density. substrate temperature

Ultrasonic cleaning did not affect strongly the nucle- Microwave power was found to be the essential parame-
ation density. In fact, copper is a relatively soft materialter that influenced diamond growth on Cu. Fig. 4 shows
and the diamond residues could be “seeded” into th6SEM images of the deposits synthesized at microwave
copper surface during polishing. So, ultrasonic cleanpower from 1500 W to 2400 W and their Raman spectra.
ing does not remove these residues efficiently. The conditions for the growth of the diamond shown

Accordingto these experimental results, we may conin Fig. 4b are for purpose of reference considered as
sider the optimized pre-treatment conditions as followsthe typical conditions. It is used to compare the ef-
polishing time, 3-5 min; ultrasonic cleaning time, fects of other deposition parameters in the following
5 min; polishing material, diamond powder@ um  sections. It can be seen from Fig. 4 that the diamond
or 2~4 um, diamond paste 0.26m or 1 m. growth rate increases with the microwave power and

an evidentincrease in the growth rate appears when the
microwave power changes from 1500 W to 1800 W.
3.2. Effect of deposition parameters on The Raman spectra (Fig. 4d) show that the intensity of
diamond growth the diamond peak at about 1332 cthincreases with

In the investigation of the deposition parameter effectjncrease in the microwave power, implying an increase
typical deposition conditions were chosen accordingn diamond phase. When the microwave power is lower
to our preliminary work, aiming at depositing dia- than 1500 W, the formation of diamond becomes much
mond on Cu at low substrate temperature. They ardess obvious. Instead, many amorphous components are
microwave power, 1800 W; CH(H, + CH,), 5.9%  formed. This behaviour is quite similar to the effect of
(30 sccm/509 sccm); gas pressure, 80 Torr; gas flowubstrate temperature [12] and suggests that the effect
rate, 509 sccm; deposition time, 85 min. The effectof microwave power in our experimental range is com-
of each deposition parameter was studied by changingarable to the effect of substrate temperature.
only one parameter in each experiment, while other pa- The increase in the microwave power has two con-
rameters were fixed at the typical values. The substratesomitant effects. First, the gas temperature increases
were polished with a sequence of sandpapers and dias a result of the redistribution of microwave energy
mond pastes down toidm and optimized pre-treatment transferred by the electrons, leading to an increase in
conditions as discussed above were used. the substrate temperature. Second, the plasma status
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(i.e. the degree of dissociation and ionisation ¢f H Also more non-diamond phases are a consequence of
CH, gases, electron temperature, the type and concetrigher methane concentration, as can be seen from
tration of carbon-containing radicals etc.) changes. Tdhe appearance of broad peaks in the Raman spectra
distinguish the effects of these two factors, an addiin Fig. 6d. The intensity of the diamond peak does
tional experiment was conducted with two different Cunot change obviously when the methane concentration
substrates in a same deposition process. The first subhanges.
strate (1 mm thick) was put directly on the Mo sample
holder as in most of the cases. The second substrate,
0.5 mm thick, was put on another 0.5 mm thick copper
chip placed on the Mo holder so that heat conduction3.2.3. Effect of gas pressure
was hindered by the interface between the two chipsPiamonds were deposited at different gas pressures,
However, the two samples had the same height relativeut with other deposition parameters fixed at the typ-
to the plasma. The microwave power was set at a reldcal values. It was found that when the gas pressure
tively low level, 1500 W, and other parameters were seehanged from 70 Torr to 100 Torr, the diamond growth
at their typical values. Much higher substrate temperarate increased, showing an effect comparable to the
ture on the second sample was achieved as it appeargdf.‘thane concentration. However the increase in the di-
red, while the other one appeared grey during the deamond grain size was more obvious than the increase
position. On the other hand, as the height of the twdn the nucleation density when higher gas pressure was
samples was the same and they were put at symmetsed. SEM images and Raman spectra of the diamonds
rical positions, the plasma status surrounding the firs@re shown in Fig. 7. With increase in the gas pres-
sample should be identical to that of the second onesure more diamond phase is observed, as shown by
Fig. 5 shows a SEM image of the second sample. Th&he higher intensity of the diamond Raman line. The
comparison of Fig. 5 and Fig. 4a, in which the only main effect of increasing gas pressure is that the mean
difference was the substrate temperature, confirms thdtee path (MFP) of electrons and gas molecules de-
itis the substrate temperature that governs the diamonereases. As a result, the probability of interaction of
growth. electrons and molecules is higher and therefore more
atomic hydrogen and carbon-containing radicals are
generated. Thus, the growth rate increases with the pres-
3.2.2. Effect of methane concentration sure. However, when the gas pressure increases to about
Diamonds were deposited at different methane concert00 Torr, the FWHM of the diamond peak becomes
trations, but with other deposition parameters fixed atvider. This is probably due to the generation of more
the typical values. It was found that when the methané&arbon-containing radicals as compared to atomic hy-
concentration increased from 3.9% (20 sccm) to 7.898rogen. This causes an increase in the growth defects
(40 sccm), both diamond growth rate and nucleation inand consequently the peak broadening as discussed
creased. Fig. 6 shows SEM images and Raman spectf®oVve.
of these diamonds. The increase in the full width at
half-maximum (FWHM) of the diamond Raman peak
with methane concentration is to be expected as more
carbon-containing radicals can be generated, while thg-2-4- Effect of gas flow rate
etching effect of atomic hydrogen may become relaPiamonds were deposited at dlffere_nt gas flow rates
tively insufficient, favouring the appearance of growth (from 194 sccm to 820 scem), but with other deposi-
defects. The defects usually cause growth stresseliOn parameters fixed at the typical values. It was found
which are randomly oriented in all directions in the that within the gas flow rate range, the diamond grain
diamond films. These randomly oriented stresses cafZ€ nearly did not change and the growth rate seemed

result in the broadening of the diamond Raman peakSonstant, as shown in Fig. 8. Raman spectra taken from
the deposits were similar to that deposited under typ-

ical conditions. When the gas flow rate changed from
194 scem to 509 scecm, the diamond nucleation density
increased slightly. However, further increasing the gas
flow rate did not cause observable change in the nucle-
ation density. We deduce that the diamond growth is
mainly governed by the gas temperature and the den-
sity of reactants, which are controlled by the microwave
power, gas pressure and gas concentration. Since the gas
flow rate has little influence on the reactant composi-
tion and gas temperature, the diamond growth rate ap-
pears constant. On the other hand, Gallial. reported
that varying the gas flow rate could change both the
flow pattern in the reaction chamber, especially near

S
ZAPRLY
& Fig { . ; ;

< e ———— T T R W T the substrate surface, and the ratio of convective and
diffusive velocity of the reactants [13]. These factors
Figure 5 SEM image of diamond synthesized at microwave power May influence the diamond nucleation and growth, but

1500 W but with higher substrate temperature than that of Fig. 4a. ~ Nnot obviously.
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Figure 6 SEM images of diamonds synthesized at/@dncentration (a) 3.9% (20 sccm), (b) 6.9% (35 sccm), (¢) 7.9% (40 sccm), and their Raman
spectra (d) with shifted base lines as indicated.

3.2.5. Film morphology the diamond growth. (4) The diamond crystals show

Within our experimental range of gas pressurea (111) face dominating in almost all the cases. Some

(70~100 Torr), methane concentration (3:8.8%), (100) faces appear at higher microwave power (higher

gas flow rate (193820 sccm), and microwave power substrate temperature).

(1200~2400 W), the morphology of the synthetic di-

amonds does not show obvious change. A triangular

(111) face dominating is found in almost all the cases3.3. Free-standing diamond film

However, when the substrate temperature becomes high  preparation using copper substrate

(see Fig. 4c), (100) faces appear. This is in accordanc®n the base of the above pre-treatment and parametri-

with the reports of Matsumotet al.[14], Luetal.[15], cal investigation, we tried to prepare free-standing dia-

and Badziaret al. [16], who observed a dominating mond films using copper substrates, which were about

(111) face at lower Si substrate temperature and (10000 x 10 mn?. Before deposition the substrates were

at higher temperature. polished with a sequence of SiC sandpapers and dia-
mond pastes down to a finakdm. Each polishing step
was about 5 min followed by an ultrasonic cleaning for

3.2.6. Summary 5 min.

Deposition parameters influence diamond growth on

copper. The following growth behaviours are observed

in our experimental parameter ranges. 3.3.1. Direct growth of diamond film

(1) Diamond growth rate increases with increase in on copper

the microwave power and the effect of the microwaveFirst, diamond films were directly deposited on Cu

power is mainly an effect of substrate temperature. (2under conditions given as follows: microwave power,

Diamond nucleation and growth rate increase with in-1800 W; gas pressure, 80 Torr; How rate, 479 sccm;

crease in the gas pressure and methane concentratiddH, flow rate, 30sccm; @ flow rate, 1 sccm. The

When the gas pressure reaches a certain value (in osubstrate temperature was about 800 By chang-

case, 100 Torr), the growth stress becomes pronounceithg the deposition time, films with different thickness

Increasing methane concentration results in monotoniwvere obtained. During the post cooling procedure af-

increase in both the growth stress and non-diamonter deposition, different cracking behaviours were ob-

carbon phases. (3) Gas flow rate has little influence oserved. When the films were thinner than 4%, they

1358



100 Torr

Intensity (arb. unit)

1100 1200 1300 1400 1500 1600 1700

Wave number (1/cm)

(d)

Figure 7 SEM images of diamonds synthesized at gas pressure (a) 70 Torr, (b) 90 Torr, (c) 100 Torr, and their Raman spectra (d) with shifted base
lines as indicated.

usually cracked. However, no cracking happened irfilm and copper, and can be found in [18] and [19],
films thicker than 2Qum. respectively. Assumingly =600°C and Ts=25°C

If the films had no adhesion and just attached loosely{room temperature), we conducted a numerical calcula-
to the Cu substrate surface during post cooling procetion of Equation 1 and obtained a compressive thermal
dure, they would not crack upon thermal contraction ofstresssi, ~ —8.78 GPa.
the Cu substrate. Since Cu does not form carbide, the It can be seen thak;, increases with decrease in
adhesion and attachment most probably come from tw@s, which implies that during the post cooling proce-
main aspects. One is the roughness of the Cu surfacdure, thermal stress in the diamond film increases. If
which can be improved by the polishing process, buthe diamond grains are trapped at the Cu surface and
could not be eliminated completely. The other is impu-cannot be released during the cooling procedure, then
rities in the Cu and the residues seeded in the Cu surfadbe whole thermal stressy, applies to the film. This
after the polishing process. Actually, our previous re-can cause film cracking if the strength of the film is
sultsin part 3.1 showed that these residues could greatiyot enough to support the thermal stregs On the
enhance diamond nucleation, suggesting that many dother hand, if the grains are released from the trapped
amond grains grow up on these residues. Thus, duringositions at a point during post cooling when the film
the post cooling procedure, because of the thermal misstrength is still large enough, then no cracking is ex-
match between the Cu substrate and the diamond filmpected. So, it is the relative strength of the diamond
aswell as above mentioned two reasons, athermal strefibn and the thermal stress, needed to release the
may apply to the film. This stress can be expressed asliamond grains from their trapped positions that deter-

mines if the diamond film cracks. Obviously, the film

T, strength increases with the film thickness. This could
on=1— (of — ag)dt (1) be the main reason that thicker films are unlikely to
—VIT crack.

whereE =1143 GPa and = 0.07 are Young’s modu-

lus and Poisson'’s ratio for diamond [17}y andTsare ~ 3.3.2. Two-step growth for stress relief

deposition temperature and sample temperature duFrom the above discussion we can see that there are sev-
ing cooling procedurex; and as are temperature- eral possible ways to avoid film cracking. First, by de-
dependent thermal expansion coefficients of diamondreasing the deposition temperatiigeso as to reduce
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Figure 9 Diamond grown on Cu after the first deposition stage of the
two-step growth.

yet, there is no visible cracking. This means that the
grains are just slightly released from the Cu surface
due to the quick rampdown following the first growth
step. Our investigation shows that the control of the
first growth stage is critical. If the growth time is too
short, the nucleation will not be sufficient. This may
cause new nucleation during the final growth stage and
consequently the film cracks as a result of insufficient
releasing of the grains from the Cu surface. On the other

b o A

= ) hand, if the growth time is too long, the deposits will

GTHBB8 25.0kV X18.08K 3.00rm

be continuous and cracking happens even just after the
(b) first growth stage.

Figure 8 SEM images of diamonds synthesized at gas flow rate (a) 194 _Aft,erthe final groyvth, asufficiently flatand rglatlvely

sccm, (b) 820 scem. thin film (~10 «m) in an area of 16< 10 mn? is ob-

tained without cracking. The film can be easily removed

from the copper substrate and becomes free-standing.

film growth rate due to the low substrate temperaturé: ]ighl? shows SdEM ig_‘ages (c;ff_tlhe surfaceggd bha_\ck side
as shown in part 3.2. Second, by increasing the filnT the free-standing diamond film prepared by this two-

strength, i.e., the film thickness. This has been verifiedteP growth method and their Raman spectra. It can be

by our experiments. Third, by releasing the diamond>€en that the grain size at the film back side is much

grains from the Cu surface before the film cracking hap—s.maller thar! atthe syrface side. This is because once the
st nucleation particles grow up and meet each other,

pens. Based on the third idea, we propose a two—stegi .

growth method. This method includes a pre-growth, €y can no longer grow in the C_u surfa_ce p_Iane but

during which a short deposition is performed to obtainCan continue to grow in g_perpendmular d|rec_t|on. A.S a
sult of growth competition, some preferential grains

a quasi-continuous diamond on Cu substrate; a quic i -
ecome larger and larger until they reach an equilib-

rampdown which allows many of the diamond grainsrium The Raman spectra show a sharp peak at about
to be released from their trapped positions; and a fina 332 e, indicating the existence of good quality di-

growth stage characterized by a longer deposition at ) o .
slightly lower microwave power level. The optimized amond phase. No carbide transition layer is found, as
deposition conditions for these two stages are show xpe_cted. The_bac_kgrou_nd of th_e Raman spectrum of
in Table I. Relatively thin free-standing diamond films the film b.ack side is obwou;ly higher than that of the.
(~10 um) are prepared with this method. surfgce side, althqugh the diamond peak presents simi-
Fig. 9 shows the diamond grown on Cu after thelar width and position. Thus the background in the back
ide may arise mainly from the grain boundaries, as the

first growth stage. As the deposits are not continuou$'9€ May arnse mainly
grain size in this side is much smaller.

the thermal stressy,. However, this may cause a low

TABLE | Deposition conditions of the two growth stages

3.3.3. Summary

Deposition parameter Stage 1 518982 oyr investigation shows that free-standing diamond
Microwave power (W) 2000 1800  films can be_ pr_epared using Cu subs_trate by CVD.
Gas pressure (Torr) 90 85  Relatively thin films (10 um) are obtained using a
Hz flow rate (sccm) 478 478 two-step growth method for stress relief. Thicker films
CH_ flow rate (sccm) 35 30 (>20um) can be prepared through direct deposition.
Oz flow rate (sccm) ! 1 The free-standing diamond films grown on Cu show
Growth time (h) 0.25 9 g

uniform diamond phase at the film surface side and
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Figure 11 Pull-off test result showing the critical detaching force. Note
that the detachment happens at the diamond film/epoxy glue interface,
indicating the adhesion of the diamond coating is better than the epoxy.

given as follows: microwave power, 188@400 W,

gas pressure, 80 TorrHlow rate, 475 sccm; Clflow

rate, 25 sccm. The substrate temperature, mainly con-
trolled by the microwave power, was within the range
of 500~800°C.

Pull-off tests were conducted using samples coated
at different microwave power from 1800 W to 2400 W.
All the tests showed that the debonding happened be-
tween the diamond film and the epoxy glue, indicating
that the adhesion of the diamond films to the substrates
was stronger than the epoxy. Fig. 11 shows a typical
result of the pull-off test on a sample coated at 2400 W

(®) microwave power. It can be seen that the critical de-

1250 taching forcebetween the epoxy and the diamond film

3 is about 14 MPa. So, we conclude that with the tita-

1050 nium interlayer, adherent diamond film can be coated
on copper.

850 Fig. 12 shows SEM images of diamond films grown

pack side on the titanium coated copper substrate at different mi-

crowave powers. It can be clearly seen that the grain
: size increases with the microwave power. This can be
PT ] T . explained as a result of the increase in the diamond
1100 1200 1300 1400 1500 1600 1700 growth rate with the substrate temperature. However,
Wave number (1/cm) the _morphology of the_se diamond films does not sr_]ow
obvious change. A triangular (111) face dominating
(c) . . LY.
is observed in all the cases. These results are simi-
Figure 10 SEM images and Raman spectra of the free-standing diajgr to those mentioned in section 3.2.1, though in the
mond film prepared by the two-step growth method. (a) film surfaceyy cases the substrates are different (Ti/Cu and Cu).
side, (b) film back side, (c) Raman spectra taken from the two S'des‘l'his implies that the diamond growth characteristics
under identical conditions.
are mainly controlled by the deposition conditions.

] ] ] o It has been known that residual stresses usually affect
back side. There is no carbide transition layer at thgne fjim adhesion in a negative way. So, it is significant
interface of the substrate and the diamond film as Cyq ynderstand how the deposition process influences the
has no carbon affinity. residual stressesin the diamond films. As mentioned be-

fore, thermal mismatch between the diamond film and

the copper substrate is very large, which may cause
3.4. Effect of the titanium interlayer large residual stress. Thus, we mainly investigate the
To obtain adherent diamond coating on copper, a tieffect of deposition temperature on the residual stress
tanium interlayer was used. The reason for choosingn the diamond films. Three samples were deposited
titanium is that it forms carbide and has a reasonablat different microwave powers of 1800 W, 2100 W,
diffusibility in copper. So, it is expected that titanium 2400 W for 22.5 h, 13.5 h, and 6 h, respectively. The
can provide good adhesion to both the diamond filmuse of different deposition times was aimed at obtaining
and the copper substrate. Before deposition, the sulsimilar film thickness. The thickness of these films was
strates were scratched with.dn diamond powder for about 16um. The diamond Raman peak shifted from
1 min and then ultrasonically cleaned in ethanol forits normal position, 1332 cm, to higher wave num-
3 min. Diamond films were grown under conditions bers with increase in the microwave power, as shown in

Intensity (arb. unit)

650 |
3 Surface side’
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(e) DF/Ti/Cu 2400W

(d) DF/Ti/Cu 2100!

Intensity (arb. unit)

1250 1300 1350 1400 1450 1500

Wave number (1/cm)

25.8kV XS5.00K 6.88rm Figure 13 Raman spectra taken from natural diamond ((a) ND), di-
amond film grown on copper at 2400 W microwave power for 6 h
((b) DF/Cu 2400 W), diamond films grown on Ti coated copper sub-
strates at microwave power 1800 W for 22.5 h ((c) DF/Ti/Cu 1800 W),
2100 W for 13.5 h ((d) DF/Ti/Cu 2100 W), 2400 Wkf6 h ((e) DF/Ti/Cu
2400 W).

singlet and a doublet [21]. They shift from the normal
1332 cn1? position by Ats (singlet) andAzy (dou-
blet), respectively. Relationship between the stress and
the shifts can be expressed as

o(GPa)= —1.08A7s(cm™t) for singlet  (2)

and

(V/\‘
N LA
FPCULS 25.08kY X5.00K 6.080@0xsm

o(GPa)= —0.384A1y (cm™Y) for doublet  (3)

Sometimes the peak splitting is not obvious. As an ap-
proximation, we may assume the measured peak shift
as the centre point between the singlet and the doublet,
i.e., Atmeasurea= 0.5(A1s + A1g), and obtain

o (GPa)= —0.568A tmeasuredCM ™). (4)

Thus, the stress in the diamond film is proportional to
the Raman peak shift. From Fig. 13 we can see that the
Raman shift increases with the microwave power, that
as shown above in turn accounts for the substrate tem-
perature. For example, at microwave powers of 1800 W
and 2400 W, the diamond Raman peak shifts to about
1334 cnrt and 1337 cm?, corresponding to a com-
Figure 12 SEM images of the diamond films grownrfe h on the Ti ~ pressive stress1.14 GPa and-2.84 GPa (Equation 4),
coated copper substrate at microwave power (a) 1800 W, (b) 2100 Wespectively. Therefore, the stress in the film is greatly
and (c) 2400 W. reduced at lower microwave power, i.e., lower substrate
temperature.

Fig. 13. As a comparison, diamond films were also de- On the other hand, the thermal stregsin the CVD
posited on copper substrates without the titanium layediamond film can be expressed by Equation 1. Suppose
in the same deposition processes at 1800 W, 2100 Whe deposition temperatufig was relatively low, about
and 2400 W microwave power. In this case, the dia600°C, and room temperatuie = 25°C, a numerical
mond films had no adhesion to the copper substratesalculation of Equation 1 yields a compressive thermal
Raman spectra taken from these films did not show astressoy, ~ —8.78 GPa. It is known that the stress
observable shift in the diamond peak position (Fig. 13)in the diamond film consists of thermal stregs and

The shift of the diamond Raman peak to higherintrinsic stress,, i.e.,
wave numbers has been attributed to a compressive
stress [20-21], which is believed to be caused mainly 0 = Oth + Oin. (5)
by a mismatch in thermal expansion coefficients of the
diamond film and the substrate. According to the shift,As mentioned above, the diamond growth characteris-
the stress in the diamond film can be evaluated. Agetics are mainly controlled by the deposition conditions.
and Drory have shown that under a biaxial stress The fact that Raman spectra taken from the free-
the Raman line of polycrystalline diamond splits into astanding films do not show an observable shift in the
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Figure 15 A configuration of the diamond film-copper substrate for the
1330 L NN . calculation reference.
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Film thickness (mm) configuration of the diamond coating on copper is

_ _ , shown in Fig. 15 for the calculation reference. We as-
Figure 14 Experimental and calculated Raman peak shift dependenc%ume that at the film/substrate interfaq&-(h) there

on the thickness of diamond film grown on the Ti coated copper substrate. . . . ’ .

is a uniform compressios (h) =g, while at the film

surface y=0), the inplane stress is zere,(0)=0,

diamond peak position implies that the biaxial intrinsic dU€ 0 the free boundary. As the substrate widths2

stressoi, is small. Considering that the spectral reso-Much larger than the film thicknei;sand the bound-
lution is 1 cnT?, a Raman shift ranging from 1331.5 &1 Stresses at=0 andy=h are uniform along the

to 1332.5 cm? is regarded as 1332 crhin the mea- x direction, we may neglect the non-uniformity of the
surement. Thus, the intrinsic stress, even though in IN-Plane stress near the edge of the film and suppose
tension, is only about 0.284 GPa at maximum (corre—that the m-plane strees Is gmform in thex direction.
sponding to a 0.5 et shift, Equation 4). Accordingto 1 Nen the Airy stress equation [22]
Equation 5, the residual stressis still about—8.496 9% , 8% 9%

GPa in compression. This value is still much higher - — 4+ (6)
than that obtained from the shift of the diamond Raman ax* ~ 92xa%y - oyt
peak, implying that the stress in the film is released. becomes
Inorder to understand the stress relaxation behaviour,
further experiments were conducted. Diamond films 3%
were deposited at 2100 W microwave power for dif- oy 0, (7)

ferent times so that different film thicknesses were ob-

tained. Raman spectra taken from these samples exhilithere¢ is stress function. Solving Equation 7, we ob-
different shifts of the diamond peak, as shownin Fig. 141ain the stress function

If we consider only the thermal mismatch, these Raman

spectra should exhibit the same diamond peak shift. ¢ = kiy® + koy? + kay + ka, (8)
However, it can be seen that the thicker the film, the

smaller the diamond peak shift. To explain this effect,whereky, ko, k3, ks are constants to be determined.
we assume that near the substrate/diamond film inteffhe in-plane stress, can be deduced from the stress
face, there isfirst a very stressed layer due mainly to théunction¢

mismatch in thermal expansion, growth defects and lat-

tice mismatch. With the growth of the diamond film, the _ 3% 9
stress in the surface layer gradually decreases due to the Ix = a—yZ ©)
accommodation of the layers underneath. This stress re-

laxation leads to a difference of stress along the dept/sing boundary conditions mentioned above, i.e.,
of the film. Meanwhile, due to optical absorption, the ox(0)=0 for y =0, ox(h) =q for y = h, we find

Raman signal intensities coming from different depths

of the film are different. Raman spectra taken from the oy = gy_ (10)
film are actually a superposition of a series of ‘layers’ h

(infact, itis a continuum), that contribute differently to Equation 10 shows that the stress in the film changes

the observed diamond Raman peak, in both peak POSfiearly along the depth of the film. Thus, combining

tion and peak intensity. In our Raman measurementszq, ,ation 10 and Equation 4, we can obtain the Raman
no confocal components were installed and the lase hift = contributed by a layer at depghof the film

beam was focused at the film surface. So, it is expecte
that the surface layer of the diamond film contributes 1 q )
to a smaller shift due to lower stress, but a higher inten- T =1332- mﬁY(Cm )- (11)
sity due to less absorption of the incident laser and the )

Raman signals. However, for deeper layers, the contrit should be noted thaj is negative for compressive
bution is the contrary. Therefore, when dealing with thestress and positive for tension stress.

effect of film thickness on the diamond Raman shift, we On the other hand, the absorption l@3sis in pro-
have to consider how the stress and the Raman signgbrtion to the thickness8y of a material that the elec-

intensity change along the depth. tromagnetic wave penetrates
A simple calculation is performed in order to know
the stress variation along the depth of the film. The 3l = —nldy, (12)
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wheren is loss factor,| the signal intensity at depth that given by Equation 10. According to the above dis-
y. Here, the loss factoy includes the intensity loss of cussion, we suggest that the stress relaxation along the
both the incident light and the Raman signal. Its valuedepth of the diamond film is an important contributor to
depends on the material and its structure as well as thihe disagreement in stress evaluation from the diamond
laser source. According to Equation 12, we find Raman peak shift and the thermal mismatch.

| =lge™, (13)
4. Conclusions
wherely is the intensity of Raman signal coming from 1) Diamond nucleation on copper is strongly affected
the surface layer. Equation 13 implies that the intenby substrate pre-treatment. Smaller diamond particle
sity of the Raman signal contributed by different layerssize in polishing materials and/or longer polishing du-
decreases exponentially along the depth of the film. ration result in higher nucleation density. Ultrasonic
Using a Lorentzian function to simulate the Ramancleaning does not affect the nucleation density signifi-

spectra of different ‘layers’, we find cantly because copper is a relatively soft material and
the residues can be “seeded” in the copper surface.
loe™™ o2 The fact that diamond polishing followed by A3

(14)  paste polishing greatly reduces the nucleation density
supports the idea that the residues left in the copper
substrate surface play an important role in diamond nu-
cleation.

2) Deposition parameters control the diamond
growth characteristics. The diamond growth rate in-
Creases with microwave power and gas pressure. In-
creasing methane concentration leads to the increase
in nucleation and growth rate at the cost of sacrificing

lh=>"1y. (15)  diamond quality. Gas flow rate has little influence on
the growth rate.

As an approximation, we imagine dividing the film  3) Relatively thick free-standing diamond filmsZ20
into layers wih a 1 micron step, and in each layer the ;,m) can be prepared directly using copper substrates,
stress and the Raman signal intensity are constanthile thinner films ¢10 xm) can be prepared by a
Assuming the loss facton=0.1, and the FWHM two-step growth method which may effectively release
w=6cnT!, we obtain the simulated Raman spectra,the thermal stress.

i.e., ly—A curves. One example is shown in Fig. 16. In  4) Using a titanium interlayer, diamond films have
this case, the film is 1@m in thickness. The simu- been coated on ordinary copper. Pull-off tests show that
lated Raman shift is 1336 cth, which is in agreement  the adhesion of the diamond film to the substrate is bet-
with the experimental value. As a comparison, the sim+ter than 14 MPa. Lower deposition temperature leads to
ulated Raman shifts for different film thicknesses arelower residual in-plane stress in the diamond film. The
also given in Fig. 14. The calculated results agree witlresidual stress evaluated from the shift of the diamond
the experimental results except for a small deviatiorRaman line is usually smaller than that evaluated from
at lower thicknesses, probably due to that during thehe mismatch in thermal expansion coefficients of dia-
growth of the diamond film, its structure, such as grainmond film and copper. Therefore, the stress relaxation
size and grain boundary, changes significantly, causalong the depth of the diamond film should be taken
ing a non-uniformity of the film. At lower thickness into account.

the grains are smaller and denser, thus the stress re-

laxation is no longer so effective as described by the

model above; i.e., the actual stress can be larger thaicknowledgements
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wherely is the intensity of the Raman signal coming
from a depth ofy microns,w the full width at half-
maximum (FWHM),A the wave numbers; the peak
centre that can be obtained from Equation 11. Then th
total intensityl; is a summary of all
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