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Strong adhesion in nanocrystalline diamond films on silicon substrates
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Strong adhesion is shown to be achieved in the growth of smooth nanocrystalline diéx@ng

thin films on silicon substrates at 600 °C using biased enhanced growth in microwave plasma
chemical vapor deposition. The strong adhesion is evident from the films sustaining compressive
stress, which may be as high as 85 GPa. The substrates are bent spherically after deposition,
however, films are not peeled off, in spite of having enormous in-plane stress. The strong adhesion
may be a result of implanted carbon below the substrate surface with an optimized ion flux density
in the initial stages of growth. The compressive stress in the films is shown to be generating from
the graphitic and other nondiamond carbon impurities in the films. It was observed that the NCD
grain size decreases with biasing hence increasing grain boundary area in the films accommodating
more graphitic impurities, which in turn results in an increase in compressive stress in the films.
© 2001 American Institute of PhysicgDOI: 10.1063/1.1358318

I. INTRODUCTION affects their adhesion and causes them to delaminate from
the substraté® This in turn restricts the film thickness to a
Wear on machinery can be considered as one of the bigew tens of nanometers to keep the film stable on the sub-
gest problems faced by industries, which causes the largestrate. This thickness is too low to use the films for tribologi-
expenses too. Diamond is considered the best wear-resistagl applications and also higher stress cannot be developed
material. An excellent combination of diamond properties,heyond 10-12 GPa for fundamental studies. The current re-
for instance its high hardness and low friction coefficientsearch in this area in various laboratories and universities is
with its high thermal conductivity, makes diamond the bestaimed to reduce this stress and, at the same time, to improve
candidate for wear-resistant applications. However, convergdhesion of these films to the substrate.
tional chemical vapor deposite@CVD) diamond coatings Most of the reports on ta-C and DLC observed stress not
that are deposited at high temperatures have rough surfacgfiore than 10—12 GP&:*° This is mainly because the adhe-
The high surface roughness is a major problem when usingjon of the film to the substrate cannot sustain this amount of
diamond films for machining and wear applicatidrisin  stress, resulting in delamination of the film. Efforts have
fact, high surface roughness limits uses of diamond films irheen concentrated, so far, in reducing the high amount of the
other fields also. For example, diamond is well suited for us&tress from the film rather that improving upon the adhesion
as protective optical coatings but diamond films with highto systain even higher stress of the filths>*®It is reported
surface roughness cause attenuation and scattering of thg several groups that the films peel off from the substrates
transmitted signals restricting their uses in optical coatingsafter some time of deposition if the stress in the film exceeds
In order to overcome the problem of surface roughness ofyen 2 GpPa718 After the films peel off at this amount of
diamond films either post-polishing should be adopted Oktress, further growth cannot be continued and, in turn,
naturally smooth films should be grown without compromis-pigher stress cannot be observed. In the present article we
ing their hardness and other useful properties much. Howghow the highest ever reported amount of compressive stress
ever, post-polishing is expensive and time consurititgnd iy our smooth nanocrystalline diamor®ICD) films. The
it will be better to concentrate on growing naturally smoothhigh amount of stress could be observed in our films as a

: 4,6-9 : .
films. ) ) result of strong adhesion of the films to the substrates sus-
Nanocrystalline or amorphous diamond, tetrahedralaining enormous stress.

amorphous carboita-C), and diamond like carbofDLC) We believe that if the carbon can be implanted deep
films are much smoother, equally hard as convegtlonal digiside the substrate with an optimized ion density and if the
mond, and can be grown at lower temperatdfes? How-  growth is continued leading to a film, it may be possible to
ever, the nanocrystalline diamorilCD) and related films  je\elop strong adhesion of the films to the substrates. Im-
contain a high level of compressive stré8s 15 GPawithin - piantation of carbon inside the substrate surface may be pos-
the planes of the film&!™° The stress in the films directly gjpje with a subplantation mechanism, described originally
by Liflitz et al?* and later supported by various groups in the
3Electronic mail: soga@elcom.nitech.ac.jp area of diamond and related materi&té?In our study also,
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we showed that NCD could be grown by biased enhanced
growth (BEG),%’ which was shown to be a result of the
subplantation mechanism with additional effects of tempera-
ture and atomic hydrogen concentration. In the present study
we show that the concept of implanting carbon below the
silicon substrate in the initial stages of the growth works well
in order to improve the adhesion. As a result, we could ob-
serve stress, which may be as high as 85 GPa and, to our
surprise, the films are still adhered to the substrates, even

after several months of deposition. —

Il. EXPERIMENT

The nanocrystalline diamond films were grown in a 2.45
GHz Applied Science and TechnologgSTeX) made mi-
crowave plasma CVOMPCVD) system. The mirror pol-
ished S{100 substrates were kept on a molybdenum holder.
No diamond powder or any othex situtreatment was per-
formed prior to the depositions. The substrate assembly was
immersed in methane and hydrogen plasma. Three sets of
films were grown while applying negative dc bias voltages of
200, 260, and 320 V to the substrates with respect to the
chamber that was grounded. A special arrangement was
made to let the whole ion current pass through the substrate.
A mixture of 5% CH, in H, was used at a pressure of 30
Torr, with a microwave power of 1000 W. The substrate was
held at a constant temperature of 600 °C throughout the
deposition. The whole growth was performed foh in a
single stage run without breaking the bias to the substrate,
unlike the conventional two or three stage process for the
heteroepitaxial growth of diamorfd:?® This is the reason to
term the growth, in the present study, as BEG. The thickness
of the films varies in the range from 1000 to 1900 nm. The
rms value of the minimum surface roughness in the films, (b)
evaluated by atomic for?_e microscopy, wad 7 n_m' Sub- FIG. 1. (a) and(b) Photographs of a bent sample as viewed from different
strates, after the depositions, were bent spherically due tgngles.
high stress in the plane of the films. As the after deposited
samples were bent concave in the shape with the films side

up, the stress is compressive in nature.

Stress in the films was estimated by measuring the curstrates after the deposition at 320 V were visibly bent, as

vature of the films on substrates using an Alpha-500 profiloS€en from different viewing angles in Figsial and 1b),

meter. The thickness was calculated by a UV reflection patWhich accounts for an enormous stress in the films, which
tern of the films assuming the refractive index as 2. Hardnes&as estimated to be about 85 GPa. To the best of our knowl-

of the films was measured by a nano-inderitaéIS-2000). edge, thgre is no report on such a high amo_unt of stresfs in
Structural characterizations of the films were carried out us¢@rPon films. It may be mainly because the films deposited

ing Raman spectroscopy, x-ray diffractiofKRD), and by other groups delaminated soon after the deposition in the
atomic force microscopy. The laser Raman spectra were otf2S€ Of more than 2 GPa compressive stress due to weak

tained in the range 1000~1700 chwith a step size of 1 adhesiort”*® However, in our case, it may be due to strong
cm L An Ar* laser(\=488 nm of 200 um diameter spot adhesion of the films to the substrate that we could observe

size was used for recording the spectra. The estimated las8¥/Ch @n enormous stress. The stress in the films is plotted as
power at the sample was 20 mW. The XRD measurement& function of bias voltage in Fig. 2. The amount of the stress
were performed from a computer controlled XRD machinelncreases with bias and shoots up in the film grown at 320 V.

using CUK « radiation to find the crystalline structures of the 11€ hardness of the films, measured by a nano-indentor, is
films. also plotted in Fig. 2 as a function of bias. The hardness of

the films decreases with an increase in bias unlike the case of
ta-C. In the later, hardness and stress follow the same trend
with conditions'®-2°

The stress in the films was calculated by measuring the Figure 3 shows the Raman spectra of the films deposited
radius of curvature of the substrates before and after then Si100). The Raman features of the samples mainly ex-

deposition using the modified Stoney’s equafidithe sub-  hibit three clearly distinct broad bands, at least in the case of

(a)

IIl. RESULTS AND DISCUSSION
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FIG. 2. Plot of compressive stress and hardness as a function of biasing
voltage. An error in the calculation of stress measurement will arise from the 100 -
deviation in the refractive index of the films, which is assumed to be 2 but ‘
may vary in the range from 1.8 to 2.4. Hardness data presented in the graph
is averaged from a few sets of five indents on the samples.
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the films grown at 200 and 260 V. The positions of the broad
bands in the spectra of the films, as shown in the figure, ar$IG. 4. XRD patterns of the films deposited at different biasing voltages.

_ _ he reflections fron{111) and (220 planes of cubic diamond are evident in
near 1150, 1350, and 1550 cMm The band near 1150 ci the films grown on Si substrates. Grain size of the NCD grains was esti-

is shown to be related to the calculated phonon density Ohated from the FWHM and position of the diamofid.1) and (220 peaks
states of diamond and has been assigned to the presence(ssfe Ref. 34

the nanocrystalline phase of diamofid® Various other

groups have observed it repeatedly in the amorphous and

1 9,27-29
.NCD f|Im_s. I has algo been gbserved as gweak bar]%md also with NCD grown by MPCVD on Si substrates
in the microcrystalline diamond films along with a sharp

. 7 .
peak near 1332 cif, an unambiguous signature of crystal- abraded by diamond powd&f’ It was shown in the former
line cubic diamond:>"* It is interesting to note that though study that the clusters keep the memory effect and, s C

the films grown at 200 and 260 V show an intense banchUSterS aresp® hybridized, the deposit turns out to be dia-
related to NCD, they do not show any peak near 1332%cm mond in amorphous form. The later studies showed the use

This could be a sign of uniformly distributed short-rarlgﬁ Oragnggn%o?ﬁsztgg? Coé /A%;Qtuﬁgsb’;‘g:—'?h;nIcrrgvvxxcivgf
crystallites in the film2>272° The Raman features of our P A 9

films match with the Raman features of amorphous diamonNCD on the seeded Si surfateAt the same time, Raman
P ?eatures of our films do not match with the Raman features

grown using low energy cluster beam deposition of carbon

g ) of NCD synthesized from transformation ofsC3! Hirari
Clusters with size distribution centered aroung (Ref. 25 o a1 () corveq only a cubic diamond feature in their film.

Other bands in the Raman spectra of our films near 1350 and
35 : : : : : , 1580 cm ! (Fig. 3) are popularly known a® andG bands,
a which are related with graphitic island$The D band ap-
pears due to the relaxation in the momentum selection rules
of the Raman scattering process due to the small domain size
in graphite. In fact, a similar argument is applicable to the
appearance of the band near 1140 ¢rdue to nanocrystal-
linity of diamond>® However, the higher or equal intensities
of the graphitic bands in Fig. 3 in the films grown at 200 and
260 V, as compared to the intensity of the nanocrystalline
diamond band, do not represent a high amourgtgsfcarbon
in those films. This is because the cross section of Raman
scattering is 50—60 times higher fep?-bonded carbon as
compared tosp®-bonded carbon, as reported by Wada
et al®? This small amount of graphitic carbon in our films
may exist between the nano-diamond gramhse., on the
A . | | [ . grain boundaries. As can be seen, the intensity of the nano-
1000 1100 1200 1300 1400 1500 1600 1700 crystalline peak decreases in the spectra with an increase in
Raman Shift (cm'1) bias voltage, in fact it has almost vanished in the films grown
FIG. 3. Raman spectra of the films deposited at different biasing voltage at 320 V. Also, there is a drastic variation in the position of
The samples werlz excited by a 488 an*Aaser. The three distinc% bandg The graphiticG band in the films grown at 320 V. It indicates

; ; 3
near 1150, 1350, and 1580 thcorrespond to nano-diamorfNCD), gra- that the relative cpncgntrgtlon sp to_ sp C?rbon of the
phitic D andG bands, respectively. films decreases with biasing voltage in the films.
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S T ' ' T e (Ih/14) decreases with biasing voltage indicating that the
_oar o 12 € concentration of NCD with respect to the graphitic impuri-
;‘Z | J10 é’ ties in the films decreases with biasing voltage. It is quite
g 03 < probable that most of the graphitic and other nondiamond
4 o8 7 carbon impurities in the films are sticking at the grain
2 02 .’_> dos % boundaries? As the specific volume of graphite is 1.5 times
é il @ more than diamond, it may be that the graphitic carbon stick-
= o 1% g ing at the NCD grain boundaries is responsible for the com-
ok ¥, o L o2 pressive stress in the filn8. This means that the stress
180 200 220 240 260 280 300 320 340 should vary with the grain boundary ar@aBA) of the NCD

Bias Voltage (Volts) grains. A crude estimation of diamond grain size was carried

FIG. 5. Plot of the Raman intensity ratio NCD,J to graphiticG band ( 4) out using th? FWHM of the XREf diamond pe_aks. GBA_ in
and grain boundary area of NCD grains as a function of biasing voltagethe total region of depositiof8x 3 cn) was estimated using
Clearly, the concentration of NCD decreases and the grain boundary argie grain size of NCDs and assuming that the grains are
increases as NCD grain increases with biasing voltage. cylindrical in shape. The estimated GBA is also plotted in
Fig. 5 as a function of biasing voltage. As can be seen, the

XRD was performed in the @range from 40° to 95°. GBA increases substantially with biasing voltage. This

Figure 4 shows the XRD patterns of the films. The calculatedn@tches well with the variation of the Raman intensity ratio
interplanar spacing corresponding to the peaksfata.05°  In/lg With biasing voltage, i.e., the higher the GBA, the
and 75.25%0.20° in the XRD patterns of the films match hlgher |s_the concentration qf graphitic impurities in th_e
closely with the interplanad-values of (111) and (220) films. ThIS su.pports the conjecture that the. compressive
planes of cubic diamond, respectively. It should be noted thatt"€SS in our films may be the result of graphitic impurities
the full width at half maximum(FWHM) of the diamond sticking at the. NCD. grain boundaries. Apart from .nondla—
peaks in the films is in general high as compared to the Cvpnond carbon impurities, it may be the amount of incorpo-
grown microcrystalline films. This is well correlated with the atéd hydrogen generating compressive stress in the films.
fact that diamond nanocrystallifeare present in our films. Although the two impuritiesthe H content and nonghamond
Although not shown, it should be noted that no peaks assd=a"Pon in the films may be related to each Otﬁé?’_ more
ciated with graphite could be identified in our films. The Meéasurements are needed to find out their specific roles in
films grown at 200 and 260 V show mostly the peak associl® géneration of compressive stress in the films.
ated with the220) plane of cubic diamond whereas the films ~ Alternatively it may be highly plausible that while the
grown at 320 V shows a broad peak associated with th§ubPlantation mechanism is applicable to our system, com-
(111 plane of cubic diamond. pressive stress (?ould_ be4 gggsresult of the energet.lc particles
The strong adhesion of the films to the substrates is eviSfiking the growing filrr “"*"However, the steep increase
dent from the films, grown at 320 V, sustaining enormous" the stress while changing the voltage from 260 to 320 V
stress. As the films are not peeled off at such an enormouPuld not be understood from the existing models. Also, in
stress, it can be considered to be a result of strong adhesi@" films, hardness and compressive stress do not follow the
of the films to the substrate. The strong adhesion in our film$&me trend with deposition parameters as commonly ob-
is a result of subplantation of carbon ions into the substrat§®Veéd in ta-C and DLC films" %20 Therefore it may be
in the initial stages of growth. The carbon ions are deposited@inly the nondiamond carbon impurities sticking at the
into the substrate with energies suitable for efficient subplandrain boundaries of the NCD grains responsible for the gen-
tation beneath the substrate surface when the depositidifation of compressive stress in the films.
commences. It is estimated from the incubation period and
growth rates that the implantation of the carbon ions couldV. CONCLUSIONS
be more than 100—-200 nm below the substrate surface. Im- |, conclusion, it is shown that a strong adhesion can be

plantation up to the thickness of 100—-200 nm with an opti-yeyeloped between the nanocrystalline diamond films and
mized flux density may be the key to strong adhesion in ougpgirates that can sustain an enormous amount of stress in
films. ) ) the films. It was observed that stress which may be as high as
As shown in our previous work, growth of NCD at the g5 Gpa can exist in nanocrystalline diamond films. The gra-
conditions used in the present study can be explained igpitic carbon impurities sticking at the grain boundaries of

terms of the subplantation model with additional effects d“enanocrystalline diamond is shown to be the main cause for
to CVD diamond condition®’ Raman spectra and XRD pat- high compressive stresses in the films.

terns are sufficient evidence of the presence of NCD. How-

ever, Raman spectra a!so show_con_S|derabIe presence qf gf@CKNOWLEDGMENTS
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