J. Phys. Chem. @008,112,3759-3765 3759

Effects of Tungsten Metal Coatings on Enhancing the Characteristics of
Ultrananocrystalline Diamond Films

Li-Ju Chen,T Chun-Chen Liu," Nyan-Hwa Tai," Chi-Young Lee,"* Weileun Fang$' and
[-Nan. Lin* 0

Department of Materials Science and Engineering, Center for Nanotechnology, Materials Science, and
Microsystems, National Tsing-Hua UWeirsity, Hsinchu, Taiwan 300, Power Mechanical Engineering and
MEMS Institute, National Tsing-Hua Urersity, Hsinchu, Taiwan 300, and Department of Physics,
Tamkang Uniersity, Tamsui, Taiwan 251, Republic of China

Receied: October 6, 2007; In Final Form: December 30, 2007

Nucleation of diamonds on Si substrates was pronouncedly improved by pre-coating a thin tungsten film on
the substrates, which is attributed to the enhancement on the formation of-ti@ piase in the tungsten

silicon interface. The fact that the W coating can enhance the generation of-tti@ pWase for the W/Si
substrate is ascribed to the fast accumulation of carbon species in the W layer, which, in turn, is consequence
of the limit volume for carbon inward diffusion. On the contrary, the carbon species can diffuse into the bulk
W materials continuously, resulting in a markedly slower rate of accumulation for carbon species and thus
delaying the formation of diamond nuclei.

1. Introduction enhanced, but large clusters of diamonds were formed prefer-
] ) ) ) ) ~entially and were distributed scarcely. Such a phenomenon
Diamond films have been investigated extensively for device \;5yaly results in numerous voids in the UNCD-to-Si interface
applications owing to their unique propertieé\n increasing (figures not showr®)and leads to poor UNCD-to-Si adhesion.
effort has been devoted to fabricating diamond films. However, \qgification on such a process by pre-coating either a carbon-
the drawbacks of the conventionally synthesized diamond films gceous layéro or a metallic laye¥®-13 has been utilized to
are that they contain micrometer-sized grains, faceted granularsy ther improve the nucleation for diamond films. However, the
structures, and very rough surfaces. Such kinds of diamond films yetailed mechanism is not clear.
are not suitable for fabricating devices directly. Reducing the | this study, for increasing the nucleation density of
grains of diamond to render the film’s surface to a very smooth §iamonds so as to grow the UNCD films, a thin W layer was
level, while maintaining the excellent physical and chemical pre-coated on Si substrates. The mechanism, by which such a
properties of the films, are necessary for practical applicafiéns. W coating modifies the nucleation of diamond growth was
Because of their high surface energy, diamonds generally arejnvestigated by examining the detailed interaction of these
difficult to form continuous films with smooth surfaces on  metallic layers using X-ray diffractometry (XRD) and X-ray
silicon substrates. Therefore, the formation of densely packed photoelectron spectroscopy (XPS).
diamond nuclei is necessary to grow uniform films on Si
substrates. The bias-enhance nucleation (BEN) and ultrasoni-2. Experimental Section
cation process are frequently used for increasing the nucleation
density of diamond on silicon substrates. Although the BEN
process can enhance the formation of diamond nuclei ef-
ficiently,*5it can only be applied on conductive substrates and
is of limited use on insulating substrates. In contrast, the
ultrasonication process, which ultrasonically abrades the sub-
strate with diamond powder slurry, is a simple and effective
technique inducing the diamond nuclei on the Si substrates. But
the number density of nuclei formed by the ultrasonication
process in diamond methanol slurry is not sufficient for growing
diamond films with nanosized grains, ultrananocrystalline
diamond (UNCD) films; that is, when the substrates were
ultrasonicated in nanodiamond slurry, the nucleation was

N-type Si (100) substrates were first cleaned with acetone
and were then e-beam evaporated or RF sputter-coated (50 W,
8 Torr) with a thin layer {300 nm) of W, which are designated
as W, and W, coatings, respectively, and the corresponding
substrates are designated asy/SV and WYSi substrates,
respectively. The metal-coated substrates were ultrasonicated
with diamond powder £4—10 nm) slurry for 30 min using
methanol as the solvent. The diamond powder residues on the
substrates were removed by ultrasonically cleaning with metha-
nol, followed by drying with blowing nitrogen gas. The
nucleation and growth of UNCD films were preceded by the
microwave plasma enhanced chemical vapor deposition
(MPECVD) process using a 2.45 GHz microwave source
(IPLAS Cyrannus). The reaction gas was mixture of 1 sccm
methane and 99 sccm argon, with 120 Torr total pressure. The
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Figure 2. (a) Raman spectra for UNCD films deposited on (i) W-coated

Si substrates (WSi) and (i) bulk W substrates, and (b) typical NEXAF
profiles for UNCD films. The MPECVD process was performed using

Figure 1. (a) SEM micrographs of UNCD nuclei formed by the MPE-  CHa (1.0 sccm)/Ar (99 sccm) plasma at room temperature for 8 h, and
CVD process for 10 min on W-coated Si substrates/8ly and (b) the W layer was prepared by the e-beam evaporation process.

the insets show the corresponding cross-sectional micrograph of UNCD

films grown on pre-nucleated substrates by the MPE-CVD process for contan a D band at 1330 cnt and a G band at 1540 crh

8 h (the W layer was prepared by the e-beam evaporation process). typical Raman peaks for carbon related films, and-eHband

) , at 1140 cm! and a D band at 136681400 cnt?, assigned to
before and after the nucleation process, were examined by X'raytranspolyacetylené§ The Raman resonance peaks are broad,

diffratometry (XRD, Rigaku) and X-ray photoelectron spec- hich is ascribed to the small grain size of the UNCD films
troscopy (XPS, PHI-1600), respectively. The structure of the ;.4 the presence dfans-polyacetylend® To unambiguously
UNCD films was monitored by Raman spectroscopy (Reni;hgw) identify the nature of C bonds in these films, NEXAFs with
using 625 nm lasers and NEXAFs using synchrotron radiation. gynchrotron radiation was used. A typical NEXAF spectrum is
The adhesion between UNCD and Si substrate was estimatedsh oy, in Figure 2b, displaying a sharp rise near 289.7 eV and
by a ramping-load-scratch-test using a commercial nanoindenter, deep valley near 302.5 eV (labeledsband). These results
instrument equipped with a nanoscratch option (MTS). The .qqfirm the sp-bonded nature of the UNCD grains. The small
present test emploi/elgl a Berkovich diamond tip oriented in the yoay near 285.0 eV indicates that a small proportion of graphite
face-forward modé phase coexists with the diamond in these films.

To understand how the Wmetal coatings enhance the
formation of diamond nuclei on Si substrates, detailed reaction

Figure 1a shows that the diamond nuclei formed readily and processes were examined. XRD patterns shown in Figure 3a
are densely populated on the tungsten-coated Si substrates. Theeveal that the as-coated,\Wetal layers were crystallized with
grains remain very small despiteett8 h MPECVD process. random oriented grains (spectrum |, Figure 3a). These metal
This is mainly due to the low activation energy for the formation layers interact with carbon species in the plasma readily, forming
of sp? bonds from G species induced by Ar plasmdhe cross- tungsten carbides under MPECVD for 30 min (spectrum I,
sectional image shown in Figure 1b indicates that the UNCD Figure 3a). Such a characteristic is similar to the behavior of
films grown on these pre-nucleated substrates are quite denseTi coating; that is, the metal layer is crystalline when as-sputter-
The thickness of these films grown on8i is 737 nm for 8 h coated and forms the TiC phase instantaneously when exposed
of MPECVD, which corresponds to a growth rate of 92.1 nm/h to carbon-containing plasniahe XPS profiles shown in Figure
for UNCD on Wy/Si substrates. Such a growth rate is much 3b indicate the evolution of the C1s signals with MPECVD time.
higher than that of UNCD on Ti-coated Si substrates, which is This figure reveals that the WC peak coexists with the carbon
78.5 nm/ht peak up to 20 min MPECVD time (spectrelll) and were

Figure 2a illustrates the Raman spectra of UNCD films grown completely overtaken by the-&C (284.3 eV) peaks after 30
by MPECVD fa 8 h on WYSi substrates (spectrum I). The flms  min of MPECVD (spectrum 1V). These observations support

3. Results and Discussion
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Figure 3. (a) X-ray diffraction patterns of W layer coated on the Si depth (um)

substrate (WSi), where XRD-l is the pattern of the as-coated W layer
before the nucleation process and XRD-Il is the pattern of UNCD after
MPE-CVD using CH (1 sccm)/Ar (99 sccm) for 30 min; (b) the C(1s)- E " -
XPS signal of W-coated Si substrate (Cls-l is the films before the E(c) UNCD!W:‘(SI S|
nucleation process; C1s-Il, lll, and IV are the XPS signals of the films I
MPECVD for 10, 20, and 30 min, respectively).
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Figure 5. SIMS profiles of UNCD films grown on (a) WSi substrates,

(the W layer was prepared by the e-beam evaporation process), (b)
bulk W substrates, and (c) ¥&i substrates (the W layer was prepared
by the RF-sputtering process).
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sonicated using 0.&m diamond powders for 30 min and then MPE- - )

CVD for 8 h. nm/h)8 A probable explanation for such a phenomenon is that
the diffusivity of carbon species in Ti metalD{)t; = 0.7 x

the assumption that the YC layer forms instantaneously 1078 cn¥?/s) is overwhelmingly higher than that in W metal

whenever the \Wcoated substrates were exposed to the plasma. ((De)w = 1.0 x 10713 cn¥/s)). Moreover, the TiC layer formed

Presumably, the diamond nuclei started to form once theQN  on top of the Ti coating is of lower densit@gic = 4.91 g/cnd)

layer was generated. The UNCD nuclei completely covered the but contains a higher amount of carbon species (saturated

W, layer after MPECVD for 30 min with the underlying YAC concentration isCtic = 0.47 g/cnd) compared to those of the

layer completely covering the Si substrates. W,C phase; that iGyw2c = 17.2 g/cni andCy,c = 0.18 g/cnd.
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- : AT X a phenomenon reveals the formation of tungstesrbon
(__a) UNCDIbU"(-W '(1 0 mln) il sgts compound layer prior to the nucleation of diamond grains, which
A I L X P ST gy anss is in accordance with the XRD observation shown in Figure

A : : Ao s : 3a. Detailed analysis on these SIMS profiles reveals that a
certain extent of interdiffusion exists between theGAinter-
mediate layer with the UNCD layer and the Si substrate.
Therefore, the WC carbide layer bonds more strongly to the
UNCD and Si layers than the TiC layer. Previous stutlies
indicated that the Ti coating forms a complicated intermediate
layer, including crystalline TiC and amorphous—Bi layers,
which bond weakly and thus adhere poorly to UNCD and Si
substrates.

LAY L 3 oify , The above results infer that to effectively enhance the UNCD
ingel 500 nm. to Si adhesion the intermediate layer must be simple in structure
By el - and interdiffuse moderately with both the UNCD and Si layers.

£3.17 52, i Yy ey A Moreover, to efficiently induce the formation of diamond nuclei,
o e " A T, ' the metal layer should not dissolve too much carbon so as to
(b) UNCDIbulk-W ﬁd mln) ; form carbide quickly. The implication of this phenomenon is
2 that direct growth of UNCD on the bulk W substrates will be
extremely difficult because all of the carbon species will be
consumed by the tungsten metal substrates due to high solubility
of tungsten to the carbon species. Only when the metallic layer
is thin, which limited the amount of carbon dissolved, inward
diffusion of carbon species into the metallic layer can be stopped
quickly, efficiently inducing the formation of diamond nuclei.

To confirm such a proposed model for the nucleation of
diamonds on W-Si substrates, the growth behavior of diamonds
on bulk W substrates was investigated. The SEM micrograph
shown in Figure 6a reveals that the UNCD grains are not
completely covering the bulk W substrates when MPECVD for
10 min, indicating clearly that the nucleation of diamonds on
T bulk W is not as easy as that on the,\thin layer. Large
Figure 6. SEM micrographs for UNCD films prepared by the proportions of uncoated surface were still present, although the

MPECVD process for (a) 10 min and (b) 30 min on bulk W substrates. nuclei are still very small in size~20 n_m). It takes 30 min to
grow enough UNCD nuclei, fully covering the bulk W substrate
These factors lead to the phenomenon that, although the carborfFigure 6b). XRD patterns in Figure 7a indicate that the bulk
species are readily diffused into the Ti layer forming the TiC tungsten is polycrystalline with (110) oriented grains predomi-
layer quickly and facilitating the nucleation of diamonds, the Nating. No W-C phase was observed for all of the MPECVD
Ti layer consumes a pronouncedly larger proportion of carbon. S8mples. XPS analyses shown in Figure 7b reveal that for the
The onset of the formation of diamond nuclei was thus delayed Surface of bulk tungsten only a Cls peak at 284.3 eV
and results in a slower apparent growth rate for the UNCD layer corresponding to the €C bond was observed and no Cls peak
on Ti/Si substrates, as compared to those ofSisubstrates. ~ corresponding to the WC bond was detected, regardless of
Pre-coatig a W metallic layer (by the e-beam evaporation theé MPECVD time. Moreover, the WA4f peak at 31.5 eV
process) on the Si substrate not only enhances the formation ofcorresponding to the WW bond and that at 33.6 eV corre-
diamond nuclei but also improves the UNCD-to-Si adhesion. SPonding to the WO bond are prominent when MPECVD for
Figure 4 shows the UNCD-to-substrate adhesion measured byl0 min (profile I, Figure 7c). The intensities of these peaks
the ramping-load-scratch-test technidéé>where the nanoin- decrease pronouncedly when MPECVD for 20 min (profile II,
dentation profiles for the UNCD on Ti-coated Si substrates and Figure 7c) and are absent when MPECVD for 30 min (profile
those on bare Si substrates were also included to facilitate !!l; Figure 7c). SIMS analyses (Figure 5b) indicate that carbon
comparison. For the UNCD deposited on bare Si without metal contents decrease abruptly across the UNCD-to-W interface.
coating (UNCD/Si, profile 1), a penetration dip in the ramping- There is no plateau corresponding to theQ/phase observable,
load-scratch-test profile was observed:; indicating that the UNCD Which is in accordance with previous XRD and XPS observa-
films were easily detached from the Si substrates. The UNCD/ tions. All of the above observations imply that the diamonds
W/Si films possess markedly stronger adhesier2@0 mN, nugleated dilrectly on the W surface wnhout the_ formation of
profile 111) than the UNCD/Ti/Si 72.8 mN, profile 11) and an intermediate \WC phase and the proportion of diamond nuclei
the UNCD on bare Si substrates. It should be noted that 200 covering the W surface increases monotonically with the
mN is the maximum load provided by the apparatus. The MPECVD period.
adhesion of UNCD-to-substrate is apparently related to the For the WYSi substrates, the carbon content in the thip W
degree of interdiffusion between layers. To understand the layer increased very fast because of the limited volume of the
correlation between the two phenomena, SIMS profiles of the thin films for carbon to inwardly diffuse, which easily induces
UNCD films were examined. the formation of the W-C phase, slowing down pronouncedly
Figure 5 illustrates the SIMS profiles for&h8 h grown the inward diffusion of carbon. The carbons accumulate on top
UNCD films, indicating the existence of a plateau in theg W of the W—C layer quickly, triggering the formation of diamond
layer, which contains W and C species of the fixed ratio. Such nuclei almost instantaneously. As for the case of bulk W
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F C-C 284.3 eV Figure 8. Cross-sectional SEM micrograph of the UNCD films
L ’ deposited on WSi substrates (the W layer was prepared by the RF-
L sputtering process) MPECVD for 180 min. The inset shows a plan-
r L& IV view SEM micrograph of the UNCD films.

substrates possess the same characteristics as those deposited
on W/Si substrates.
L The above results imply that once the-\@ phase was
- : formed the diamond nucleates instantaneously. The implication
E of such a phenomenon is that the kinetics for the formation of
the W=C phase can be further enhanced had we used a W
coating with a higher packing density as the buffer layer. For
P P S S S Y S S — this purpose, we utilized the RF-sputtering process (50 W, 8
276 278 280 282 284 286 288 290 292 294 Torr, Ar) to deposit on Si substrates a thin W layer,(W300
binding energy (eV) nm), which is the same thickness as that of the e-beam
evaporated Wlayer. The UNCD nuclei also formed easily on
(c) Waf (bulk-W) W,-coated Si substrates. The UNCD grairslQ nm in size)
W-W 31.5 eV already fully cover the substrates when MPECVD for 10 min
(figures not shown), and the grains remain at such a small size
even afte 3 h of MPECVD (inset, Figure 8). The cross-sectional
micrograph (Figure 8) reveals that the interfaces between UNCD
films, Wy, layer, and Si substrates are very compact and contain
I, no voids. The UNCD films grew to about 460 nm in 3 h, which
corresponds to a growth rate of about 153.3 nm/h. This rate is
W-0 37.9 eV markedly larger than that of UNCD on ¥8®i substrates (92.1
\HM nm/h, cf. Figure 1). Raman spectra of the UNCD/$®I films

in.tensity (a.u.)

W-0 33.6 eV

intensity (a.u.)

are similar to the one shown in spectrum | of Figure 2a, and

v(.\____,-w the corresponding NEXAF profiles are the same as those shown
- T : I . T in Figure 2b. That is, the characteristics of the UNCD films are

30

., 33 36 39 not altered by the different nucleation behaviors on the two
binding energy (eV) substrates (\WSi and WY/Si) used for growing the films.
Figure 7. (a) X-ray diffraction profiles for UNCD films deposited on To understand the mechanism resulting in the faster nucle-
IbU'I'\‘/)W s;tf)str?tseg by ”Ee “?'TE\C/:)V ?b?rg(i?)s(g%fﬁy(ig) (\F/’\;Z][";i < ation rate for UNCD due to the presence of thg Myer on Si

- and ror min rofie ) B H
profiles for UNCD filmsp deposited on bulk W substrates by the substrates_ (WSi) compar_ed to those on ¥8i substrates, we
MPECVD process for 1630 min (profiles HIII). also examlnec_i the evolut_lon of phases on the surface g&W

substrates using X-ray diffractometry (XRD) and X-ray pho-

substrates, there is noWC phase formed prior to the nucleation toelectron spectroscopy (XPS). Figure 9a shows that the as-
of diamonds. The onset of nucleation of diamonds can be deposited W layers are crystallized (XRD-l) and MPECVD does
initiated only when the carbon species accumulate on the W not modify such a characteristic (XRD-II to IV). No WC
surface faster than those inwardly diffusing, rendering the signal was detected, even after MPECVD for 180 min (XRD-
carbons deposited on the topmost surface exceed some criticaV, Figure 9a) whereas the XRD signal from the silicon substrate
concentration. Such a process is significantly slower than the is clearly observable (XRD-I to V, Figure 9a).
in case of W thin film coating on Si substrates. Restated, the =~ However, XPS analyses reveal clearly the presence of a Cl1s
readiness for the formation of the W phase is the prime factor  peak at 282.0 eV corresponding to carbon in the-@/bond
by which the W, coating facilitates the nucleation of diamonds. for the films MPECVD for 10 min (profile I, Figure 9b).
However, the slower nucleation rate for bulk W substrates does Detailed deconvolution on this C1s profile reveals the presence
not degrade the quality of UNCD films. Raman spectra shown of small peaks of the 284.3 eV Cls peak, corresponding to
in Figure 2a indicate that the UNCD films grown on bulk W carbons in the €C bond, which indicate that the nucleation
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Figure 9. (a) X-ray diffraction profiles for UNCD films deposited on
Wy/Si substrates by the MPECVD process ferdD min (profiles F1V)
and for 180 min (profile V); (b) C1s XPS and (c) W4f XPS profiles
for UNCD films deposited on W-coated Si substrates by the MPECVD
process for 1630 min, profiles Il (the W layer was prepared by
the RF-sputtering process).

of diamond has already been induced. After-30 min of
MPECVD, the C1s peak at-6C 284.3 eV completely overtook
the W—C 282.8 eV peak (profiles Il and lll, Figure 9b),
suggesting that the diamond nuclei have fully covered theSiV

Chen et al.

(c) 20-30 min | diamond

Figure 10. Schematic diagrams illustrating the phase evolution
whenever the WSi substrates were exposed to LAi-plasma: (a)
as-deposited W coating on Si substrates, (b) formation efCG/\phase
and diamond nuclei after 10 min MPECVD, (c) formation of diamond
nuclei fully covering the W layer as soon as a continuous®phase
resulted after 2630 min MPECVD.

covering the substrates for the samples MPECVD for 10 min.
Some proportion of exposed W surface still exists. It takes
around 20 min MPECVD to form the WC phase completely
covering the W surface. The diamonds nucleated instantaneously
once the W-C phase was formed such that, when MPECVD
for 20—30 min, the W surface was completely covered with
diamond. The W-C layer is much thinner than the jgNayer
because the XRD patterns shown in Figure 9a did not detect
the presence of the WC phase.

After MPECVD for 10 min, the W metal peaks (W4f binding
energy= 31.4 eV) coexist with W-C phase (C1s binding
energy= 282.8 eV) for thin-film W, Si substrates (cf. Figure
9) and they coexist with the diamond phase (C1s binding energy
= 284.3 eV) for bulk W substrates (cf. Figure 7). However,
the W4f peaks corresponding to W materials of bulk W
substrates is 10 times as large in intensity as those fgBW
substrates. It implies that the exposed W surface on bulk W is
much larger than that on the thin-film ¥&i substrate. This is
another indication that the rate of nucleation of diamonds on
bulk W substrates is markedly lower than that on thin film-
W,/Si substrates. SIMS profiles shown in Figure 5c illustrate
an abrupt drop in carbon ion counts in the \&yer. It should
be noted that the C/W ion count ratip yalue) is aroundy)w-
= 0.032, which is much smaller than tlrevalue observed for

substrates. In contrast, the W4f profiles shown in Figure 9c the W,C phase in the Wlayer (()wa = 1.0, Figure 5a).
reveal the presence of peaks corresponding to W metal, that isMoreover, thisy value is close to the one in bulk W, which

W-W at 31.4 eV and WO at 33.6 eV, for the 10 min

MPECVD samples (profile I, Figure 9c¢), but not for 20 and 30
min MPECVD ones (profiles Il and Ill, Figure 9c). These W4f
profiles, in conjunction with the C1s profiles in Figure 9b, imply
that the W-C phase already started to form but partially

implies that the C/W ion count ratigy (value) in the W layer

is approaching the residue value when the inward diffusion of
carbon is completely blocked. Such an observation is in
accordance with the argument that a thir-@ phase was
formed instantaneously as soon as thg S substrates were
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exposed to CHAr plasma and thereby effectively hindered the carbon species in the W layer because of the limited volume

inward diffusion for carbon. for carbon inward diffusion. In contrast, carbon species diffuse
The phase evolution of the WSi substrates subjected to into the bulk W materials continuously, which slow down the

MPECVD is illustrated schematically in Figure 10. This figure rate of accumulation, therefore delaying the formation of

indicates that once the WC phase was formed the inward diamond nuclei.

diffusion of carbons into the W layer is suppressed. The carbons

accumulated on the WC surface very quickly, triggering the Acknowledgment. We acknowledge the financial support
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