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Nanocrystalline Diamond Films Deposited by the Hot Cathode Direct Current Plasma
Chemical Vapor Deposition Method with Different Compositions of CH/Ar/H ; Gas Mixture
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Nanocrystalline diamond films with different grain sizes were synthesized on Si substrate by the hot cathode
direct current plasma chemical vapor deposition method with different compositions#iH} gas mixture.

The morphology and microstructure of the obtained products were characterized by scanning electron
microscopy, atomic force microscopy, high-resolution transmission electron microscopy, X-ray diffraction,
and Raman spectroscopy. The results showed that the composition of th&rfEld gas mixture affected
greatly the grain sizes, surface smoothness, and crystal quality of the nanocrystalline diamond films. With
the increase of ClHconcentration, the grain sizes got smaller and the surface of the films got smoother.
However, the grain sizes got smaller and the crystal quality was weakened with the increase of Ar concentration.
In the process of deposition, SiC was formed at the substrate before the growth of nanocrystalline diamond
films, which increased the secondary nucleation of nanocrystalline diamonds. To obtain the nanocrystalline
diamond films with uniform small grain sizes, good surface smoothness, and little non-diamond phase, the
optimal composition of the CHAr/H, gas mixture is 6/70/30 and 7/70/30.

1. Introduction or the hot filament CVD method, and the gas mixture used was
) ) ) mainly CH;—H,, CHs;—Ar, CH;—H,—Ar (He or Ne), or CH—
Nanocrystalline diamond (NCD) has attracted considerable H,—N,.26-9 |t was considered that Qradicals in noble-gas-
interest and attention because of its high surface smoothness;-p, plasmas were responsible for the deposition of NCD, and
high fracture toughness, high hardness, wide band gap, loWyNcD films could be grown when the ArfHatio was higher
friction coefficient, high electron emission efficiency and light 4 91.10-14 However. the nucleation mechanism of NCD has
transmission, exceptional thermal conductivity and chemical ¢ heen ascertained, and the composition of the gas mixture is
inertness, and so on. These unique properties of NCD enhancg, ot invariable in different synthesis methods. In addition, the
the applications of diamonds in many fields, such as a protective g Ar concentration is unfavorable for the deposition of NCD
coating for machining tools, as field electron emitters for cold fijms pecause the glow discharge is unstable due to Ar ionization
cathode flat panel displays, as an optical window, as an X-ray 44 the non-diamond phase is increased in NCD grain bound-
radiation detector, and so 8n° Many researchers have tried  ries Therefore, the investigation of synthesis conditions
to prepare high-quality NCD films by changing the synthesis (iq|,ding deposition method, experimental parameters, etc.) is
conditions or by secondary treatment technology to satisfy the important for the fabrication and applications of NCD-based
different applications of NCD films because the difference in jgyices.
grain sizes, sqrfage smoothne;s, qnd crystal quglity .greatly In this paper, we report the optimal synthesis of NCD films
affects the applications of NCD films in coatings, optical fields, 4 si substrate by the hot cathode direct current plasma CVD
and so on. However, it is preferred that the morphology and (DC-PCVD) method using a CHAr—H, gas mixture. We
structure of NCD films could be controlled in the process of study the morphology and microstructure of NCD films by
synthesis. _ _ scanning electron microscopy (SEM), atomic force microscopy
_In previous reports, NCD films have typically been synthe- (AFMm), high-resolution transmission electron microscopy (HR-
sized by microwave plasma chemical vapor deposition (CVD) TEM), X-ray diffraction (XRD), and Raman spectroscopy.
Finally, we discuss the effect of gas composition on the grain
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Figure 1. Low-resolution SEM images of NCD films. (a) For an area of X ®0 um? and (b) for an area of 17.5 13 un?.

1m|n .
Figure 2. Tapping-mode AFM images of NCD films for an AFM window of>2 2 um?. (a) Two-dimensional pattern and (b) three-dimensional
pattern.

TABLE 1: Experimental Parameters for the Growth of NCD Films

samples a b c d e f g
flow ratio (sccm) 4:70:30 5:70:30 6:70:30 7:70:30 4:75:25 4:80:20 4:90:10
CH4/Ar/H,
temperature (K) 1033 1013 1018 1023 1023 1013 1028
chamber pressure (kPa) 8.62 7.68 6.95 7.18 8.40 7.95 8.51
reaction time (h) 5 5 5 5 3 3 3

wafer with a diameter of 2 in. was placed onto the copper anode, tion, and a Raman spectrometer (Renishaw inVia) at the laser
on which the Mo wafers were used as the thermal conduct wavelength of 514.5 nm from an Adaser.

layers. Before the experiment, the Si wafer was ultrasonically

scratched with 500 nm diamond powder for about 10 min and 3. Results and Discussion

then were ultrasonically cleaned in deionized water for 10 min. . . . .

The experimental parameters for the growth of NCD films were N ('::['?lf’:e 1 'so\hows th? tip'cal Iciw-re;]solutlc;n SEI}/II\llrgaDg?ls of
shown in Table 1. In the process of the experiment, the substrate fims. As seen In Figure 1a, the surface of N( ims
temperature was controlled by gas composition, Chamberconssts of an |sla_nd-l|ke structure. _In Figure 1b, it can be
pressure, DC voltage and current, and was measured by infrare Obze%egntzfitht:?esg'izgs SLLT%:;?Z?:;?:;};??; rnaontgsbf\;i% TSS
temperature sensor. Before the introductic;n of gas, the Chamberbec:fuse the long growth time increases the nucleation sites of
\F/)vrifhszufrlzv\\llvfz;epg;nBD;(;js?:lcj:tnwt?/vgeszl?rnfgélieg?ﬁtghﬁ% Ehgaarrslber NCD. Figure 2 shows the two-dimensional and three-dimen-

. . ' sional AFM patterns with tapping mode of NCD films. It can
and sn‘_nultaneously DC voltage was increased to produce thebe noted that the surface roughness of the NCD films measured
glow discharge. When the plasma baII. of Was stable, the over an area of & 2 um? is below 300 nm, suggesting that
CH, and Ar gas mixture was introduced into the chamber. Then y,o g;rface roughness of the NCD films is insensitive to the
the composition of the CH#Ar/H, mixture and DC voltage were

film thickness.
adjusted, by which the substrate temperature was achieved. The Figure 3-1 and Figure 3-2 show the high-resolution SEM

experimental conditions must be controlled carefully to obtain images of NCD films prepared by different compositions of

NCD films. After the deposition, the gas valves and power oy /anH, gas mixture. In the first experiment, the flow rates
supply were shut Offz’ and the chamber pressure was pumpedys ar and H, are fixed at 70 and 30 sccm, respectively, and the
out to below 6x 107 Pa. flow rate of CH, increases from 4 to 7 sccm Wi6 h deposition.

The morphology and smoothness of NCD films were As shown in Figure 3a, with the CHAr/H; ratio of 4/70/30,
characterized by a scanning electron microscope (Hitachithe NCD films have bad surface smoothness, and the average
$-4800) operated with an accelerating voltage of 20 kV and grain sizes are larger than 15 nm. With the increase of CH
atomic force microscope (Digital Instruments Nanoscope Ill) concentration, the surface smoothness of NCD films gets better
in tapping mode. The microstructure was characterized by a and better, and the grain sizes are smaller and smaller. As seen
high-resolution transmission electron microscope (Tecnai F 30) in Figure 3b-d, the average grain sizes of NCDs are about 13,
operated with an accelerating voltage of 300 kV, an X-ray 10, and 8 nm, corresponding to @K¥r/H, ratios of 5/70/30,
diffractometer (Rigaku D/MAX 2200VPC) with Cudradia- 6/70/30, and 7/70/30, respectively. Furthermore, as observed


http://pubs.acs.org/action/showImage?doi=10.1021/jp710082n&iName=master.img-000.jpg&w=299&h=110
http://pubs.acs.org/action/showImage?doi=10.1021/jp710082n&iName=master.img-001.jpg&w=320&h=130

Nanocrystalline Diamond Films J. Phys. Chem. C, Vol. 112, No. 5, 2008403

100 nm
Lrne

M0

Figure 3. (3-1) High-resolution SEM images of NCD films with GHr/H; ratios of 4/70/30 (a), 5/70/30 (b), 6/70/30 (c), and 7/70/30 (d). (3-2)
High-resolution SEM images of NCD films with GHAr/H; ratios of 4/75/25 (e), 4/80/20 (f), and 4/90/10 ().
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Figure 4. (4-1 and 4-2) XRD patterns of NCD films with GH\r/H, ratios of 4/70/30 (a), 5/70/30 (b), 6/70/30 (c), 7/70/30 (d), 4/75/25 (e),
4/80/20 (f), and 4/90/10 (Q).

in Figure 3a-d, the growth of the NCD films is basically along  4-2. Curves ad are the XRD patterns of the NCD films with
columnar nucleation. CH4/Ar/H> ratios of 4/70/30, 5/70/30, 6/70/30, and 7/70/30 for
In the second experiment, the flow rate of £ fixed at 4 5 h deposition, respectively. The diffraction peaks of (111),
sccm, and the flow ratio of Ar/Kis 75/25, 80/20, and 90/10  (220), and (311), corresponding to the diffraction pattern of
with 3 h deposition, respectively. The SEM images are shown diamond with a cubic structure can be observed. Furthermore,
in Figure 3-2. As seen in Figure 3e, the morphology of the NCD the broad peak of Si (400) is also observed, which comes from
films with CH4/Ar/H, ratios of 4/75/25 is similar to that of the  the Si substrate. In comparison with curvesdait can be found
NCD films with CHy/Ar/H; ratios of 4/70/30. With the increase that the (111) peak of NCD broadens gradually from curve a to
of the flow ratios of Ar/H to 80/20 and 90/10, respectively, curve d, resulting from the decrease of grain sizes. On the basis
the grain sizes of the NCDs distinctly decrease, and the surfaceof the Scherrer formulaD = ki/ cos6 (wherek = 0.89 and
smoothness of NCD films is better as shown in Figure 3f and 1 = 0.154056 nm), the average crystal sizes of the NCDs can
g, respectively. Furthermore, the phenomenon of columnar be estimated to be about 15.70, 12.11, 8.15, and 7.18 nm,
nucleation of NCD disappears basically with the increase of corresponding to curves a, b, ¢, and d, respectively. Curvgs e
the Ar concentration, which indicates that the high Ar concen- are the XRD patterns of the products with &Ar/H, ratios of
tration increases the self-nucleation of NCDs. 4/75/25, 4/80/20, and 4/90/10rf@ h deposition, respectively.
The XRD patterns of the NCD films with different composi- The (400) peak of the Si substrate is strongest in all, resulting
tions of CH/Ar/H, gas mixture are shown in Figure 4-1 and from the short deposition time of the products. Different from
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Figure 5. (5-1 and 5-2) Raman spectra of NCD films with @Rr/H, ratios of 4/70/30 (a), 5/70/30 (b), 6/70/30 (c), 7/70/30 (d), 4/75/25 (e),
4/80/20 (f), and 4/90/10 (Q).

curves a-d, the strong peak of SiC (400) appears and the distance of 0.21 nm can be observed, which corresponds to the
diamond peaks become weak, even disappearing in curve g. I1t(111) plane of cubic diamond. As shown in Figure 6b, the grain
can be concluded that SiC was formed between the Si substratesize of the NCD is about 13.5 nm, in which the ZA/H,

and NCD films at the initial stage of NCD growth. When the ratio was increased to 5/70/30. The inset of Figure 6b shows
deposition time reached 5 h, the NCD films got sufficiently the corresponding selected area electron diffraction (SAED)
thick and the peak of SiC was almost not observed in the XRD pattern. Three diffraction rings represent the (111), (220), and
patterns. Therefore, in the experiment, we considered that the(311) planes of diamond with a cubic structure, which is also
NCDs can be formed on the Si substrate through an epitaxialin accordance with the XRD analysis. Figure 6c shows the
SiC layer, which first nucleated at the beginning of deposition. HRTEM image of NCD with a CHAr/H, ratio of 4/80/20. It
With the increase of deposition time, the NCD films with can be found that the grain sizes of NCDs are smaller than 10
uniform grain sizes were formed as a result of secondary nm, even 3 nm which is the size of ultra-nanocrystalline
nucleation. The nucleation phenomenon observed in the experi-diamond. In the edge of the NCD particles, some non-diamond
ment is consistent with the published literature reported by Yan structures are also present, which indicates the bad purity of
et al1s the NCD films under the condition of a GIAr/H» ratio of 4/90/

The Raman spectra of the NCD films with different composi- 10. As seen in Figure 6d, the HRTEM lattice image shows
tions of CHy/Ar/H, gas mixture are shown in Figure 5-1 and clearly the lattice structure of diamond. The interplanar distance
5-2. In general, five peaks can be observed in the Raman spectraf (111) planes is measured to be 0.21 nm, which is consistent
of NCD films. The characteristic peak of diamond is at about with the lattice parameters of diamond. In addition, the
1332 cn1?, the graphite structure peak (G band) is at about tetrahedral structure of diamond can also be observed clearly
1560 cnt?, the graphite disorder peak (D band) is at about 1360 in the round of Figure 6d.
cml, and a pair of peaks dfanspolyacetylene is at about On the basis of the above results, it can be found that the
1140 cnr! and 1480 cm?, which is attributed to the structure  composition of the CHAr/H, gas mixture affects greatly the
of the NCD phase or disordered3sparbon phas&-2° The growth of NCD films. Therefore, it can be concluded that
relative intensity of the G peak indicates the graphite content nucleation of NCD has a close correlation to the composition
of the NCD grain boundary. As seen in Figure 5, the five peaks of the CH/Ar/H, gas mixture. In previous reports, some authors
are present in the Raman spectra of the NCD films. In considered that £concentration was the key for the growth of
comparison with curves-ad, it was observed that the intensity NCD films, and the high Ar concentration was favorable for
of the G peak has a slight increase and the characteristicincreasing the & concentratio:'® However, other authors
diamond peak at about 1332 cibroadens gradually from  considered that theQlid not play an important rol&2! but C;
curve a to curve d. It suggested that the graphite impurities of was responsible for the formation of NCD filrd&Following
the products have a slight increase and the grain sizes decreasthe analysis in the experiment, on one hand, the high Ar
gradually with the increase of GHoncentration. In comparison  concentration was favorable for the nucleation of grains. It can
with curves e-g, it can be found that the characteristic diamond terminate the growth of grain sizes and improve the surface
peak at about 1332 crh disappears other than that in curve e. smoothness of NCD films. However, the high Ar concentration
The intensity of the G peak in curve g is distinctly enhanced, also decreased the crystal quality of NCD films, resulting from
which indicates the high graphite impurities of products with  much more non-diamond phase at the boundary of grains. On
the increase of Ar concentration. In addition, as shown in curves the other hand, with the Ar flow rate of 70 sccm, the high,CH
e—g, the peaks at about 1140 and 1480 ¢m@re narrower than ~ concentration can also decrease the grain sizes and improve the
those of curves -ad, resulting from the decrease of the grain surface smoothness, but the crystal quality of NCD films was
sizes and the increase of the disorderetcspbon phase inthe  not decreased. In the experiment, with the Arretio of 70/30
NCD films. On the basis of the Raman spectra of the NCDs sccm, after the Chiflow rate was increased to 6 and 7 sccm,
with different compositions of CHAr/H, gas mixture, it can the obtained NCD films have uniform small grain sizes, good
be concluded that the graphite impurities and disorderéd sp surface smoothness, and little non-diamond phase.
carbon phase of the products increase with the increase of Ar Compared with the results synthesized by microwave plasma
concentration, but the increase of £ébncentration hardly has  CVD and the hot filament CVD method, the hot cathode DC-
any effect on the quality of the NCD films other than the PCVD method is more favorable for improving the growth rates
decrease of the grain sizes. and crystalline quality of NCD films. In this experiment, NCD

Figure 6 shows the HRTEM images of NCD. As seen in films can have uniform grain sizes with the Ar concentration
Figure 6a, the grain size is about 16.8 nm and the size of theabout 70%, which is lower than above 90% in the microwave
cross section is about 11.4 nm, corresponding to the/&H plasma or hot filament CVD method%2*The low Ar concen-

H, ratio of 4/70/30. In the inset of Figure 6a, an interplanar tration decreased the graphitic content of NCD films and
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Figure 6. HRTEM images of NCD. (a) HRTEM image of NCD with large grain size, (b) HRTEM and SAED patterns of NCD with middle grain
size, (c) HRTEM image of NCD with small grain size, and (d) HRTEM lattice image of NCD.

improved the stability of plasma glow discharge in the process 50072029 and 50572101) and tackle hard-nut program in science
of deposition. For the deposition of high-quality NCD films by and technology of Heilongjiang Province of China (Grant No.
the hot cathode DC-PCVD method, the £ebncentration is 2006G2016-00). Furthermore, we thank Dr. Zhu Ruihua and
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