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Si-doped diamond films prepared by chemical vapour deposition
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Abstract: The effects of Si doping on morphology, components and structure characteristics of CVD diamond films were studied.
Si-doped CVD diamond films were deposited on Si substrate by adding tetraethoxysilane (TEOS) into acetone as source of reactant
gas. The morphology and microstructure of diamond films were characterized by scanning electron microcopy (SEM). The
crystalline quality of diamond films was studied by Raman spectroscopy and X-ray diffractometry (XRD). The surface roughness of
the films was evaluated with surface profilometer. The results suggest that Si doping tends to reduce the crystallite size, enhance
grain refinement and inhibit the appearance of (111) facets. Raman spectra indicate that Si doping can enhance the formation of sp’
phase in diamond films. Moreover, Raman signal of SiC was detected, which suggests the existence of Si in the diamond films.
Smooth fine-grained diamond (SFGD) film was synthesized at Si to C ratio of 1%.
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1 Introduction

Diamond films grown by hot filament chemical
vapor deposition (HFCVD) are widely used today
because of their attractive features as new functional
materials. In many applications, excellent properties of
diamond such as extreme hardness, wear resistance, good
thermal conductivity and low thermal expansion
coefficient are expected to bring significant advantages.
As a result of their high potential on the application of
mechanism, microelectromechanical system (MEMS)
and optical materials, etc, diamond films are coated on
diamond and non-diamond substrates such as Si, Cu, Mo,
Al,O; [1] and cemented carbide [2—4].

However, chemical vapor deposition (CVD)
diamond films are polycrystalline and highly defective,
which restricts their application for micro machining and
MEMS. In order to improve the morphology and
properties of CVD diamond, particular incorporated
impurities, such as boron, nitrogen, sulfur [5—7], have
been doped during the deposition. Silicon, as a common
and usually undesired impurity, may have considerable
effects on the properties of the CVD diamond. Over
recent years, considerable efforts have been focused on

the properties and application of Si-doped diamond-like
carbon (DLC) [8—14]. According to the above results,
Si-doped DLC exhibits a great superiority on tribological
property [8—10,14]. As for the study of Si-doped CVD
diamond, MUSALE et al [15] prepared and studied the
Si-doped CVD diamond films by adding SiH, into
reactant gas. BARJON et al [16] investigated the Si
impurities from Si substrates in diamond films. However,
to our knowledge, there are few reports on the systematic
study of Si doping on the characteristic and quality of
CVD diamond.

Therefore, in this work, the influence of Si doping
on morphology, microstructure and components of CVD
diamond is investigated. For the purpose of
comprehensively evaluating the effect of Si doping,
Si-doped diamond films with various Si concentrations
and depositing durations are prepared. After that the
diamond films are characterized by scanning electron
microscopy (SEM) and atomic force microscopy (AFM)
to study morphology, microstructure and grain size, by
Raman spectroscopy and X-ray diffractometry (XRD) to
study the crystalline quality, phase, growth mechanism,
and by surface profilometer to study the surface
roughness of the films. The influence of Si doping
is studied in order to better understand the growth
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mechanism of Si-doped diamond.
2 Experimental

The Si (100) substrate was pretreated by abrading
and roughening the surface with diamond powder and
ultrasonically cleaned in deionized water and acetone
before deposition. Figure 1 shows a schematic of the hot
filament CVD apparatus used for CVD diamond
deposition. Six tantalum wires (diameter: 0.6 mm) were
arranged as an excitation hot filament, and were dragged
straight by the high temperature spring. The Si substrate
was held at a distance of 10 mm below the hot filament.
A DC bias was applied between the filament and Si
substrate to enhance the diamond nucleation and growth.
The filament was referred to be the cathode (bias 50—100
V), which can produce DC discharge (current 1-3 A).
The reaction gases were H, and acetone mixed with
tetracthoxysilane (TEOS). The details of typical
parameters are given in Table 1.

After deposition, the surface morphologies of the
diamond films were estimated by SEM. The ingredients
and purity of the diamond films were examined by
Raman spectroscopy and XRD. Surface roughness was
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Fig. 1 Schematic illustration of hot filament CVD apparatus:
1—Gas inlet; 2—Bell-jar; 3—Tantalum wire; 4—Si substrate;
5—Rotary substrate holder; 6—DC bias supply; 7—Vacuum
pump; 8—Cooling water

Table 1 Parameters of nucleation and growth of Si-doped
diamond films

Parameter Nucleation Growth
Acetone volume fraction/% 1.8-2.3 0.8-1.2
Pressure/kPa 5 4-6
Deposition temperature/°C 750—800 850-950
Filament temperature/°C 2000+200 2000+200
DC bias current/A 4 4
DC bias voltage/V —40 —40
Duration/min 40 -

studied with a surface profilometer. The method was to
measure the average surface roughness within a 2 mm
length at random place on the films. Through the study
of Si-doped diamond films on Si concentration and
growth time, the influence of Si doping on film quality
and microstructure was systematically analyzed.

3 Results and discussion

Figure 2 shows the surface morphologies of the
diamond films grown under various Si concentrations
(0—1%). Apparently, a typical surface morphology of the
microcrystalline diamond film can be observed under the
condition of no Si doping. In this case, the film surface is
rather rough, with a pyramidal morphology dominated
by (111) faceted crystals, whose size reaches 5—6 pm.
When adding TEOS into the reactant gas, however, the
surface morphology changes remarkably. At Si
concentration of 0.2%, the film surface is covered by
well-faceted diamond crystallites with grain size of 2—3
um, most of which have octahedral shape. When the Si
to C ratio rises to 0.4%, hexagonal facets, i.e. (110)
facets emerge. With the Si concentration reaches 0.6%,
the morphology is dominated by rhombic shaped facets.
Also, a great number of small diamond grains appear and
surround the large diamond grains, as shown in Fig. 2(d).
With further addition of TEOS to the reactant gas, a
cauliflower-like morphology occurs, and meanwhile, a
large number of refined particles present in the vicinity
of grain boundary. And finally, as illustrated in Fig. 2(f),
the film surface is ultimately covered by refined
crystallites and smooth fine-grained diamond (SFGD)
film is achieved.

The XRD pattern of the diamond films with various
Si concentrations are shown in Fig. 3. According to the
spectra shown in Fig. 3, six diffraction peaks are found
in the spectra at 26 values of 26.3°, 29.3°, 43.2°, 47.3°,
68.9° and 74.6°. The peaks at 20 value of 26.3° and 68.9°
are identified as peaks for the amorphous carbon. The
peaks at 26 of 29.3° and 47.3° are attributed to the
graphite. According to Fig. 3(a), i.e. pure diamond film,
the first peak related to the diamond arises at 26 of 43.2°
and it is associated to the plane (111). A second peak
observed at 26 of 74.6° is a characteristic reflection of
the plane (220). It can be noted that the peak of the plane
(111) is more intense than the peak of the plane (220).
When it comes to the Si-doped diamond, as shown in
Figs. 3(b)—(f), however, the peak of the plane (220)
becomes dramatically intense while a distinct decrease in
intensity of (111) peak occurs. It illustrates that in
Si-doped diamond films the formation of (111) oriented
crystallites is dramatically restrained.

The diamond films are deposited at the various
deposition time and then characterized by SEM (Figs. 4
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Fig. 2 SEM images of surface morphology of diamond with different Si to C ratios: (a) 0; (b) 0.2%; (c) 0.4%; (d) 0.6%; (e) 0.8%;
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Fig. 3 XRD patterns of Si-doped diamond with different Si to
C ratios: (a) 0; (b) 0.2%; (c) 0.4%; (d) 0.6%; (e) 0.8%; (f) 1%

and 5), AFM (Fig. 6) and XRD (Fig. 7) in order to better
understand the formation process of the SFGD films
grown with Si to C ratio of 1%. As present in Fig. 4,
except for the crystal growth, the morphology remains

almost unchanged in the first 6 h of deposition. However,
during the next 2 h, the surface grain size is dramatically
refined. Figure 5 shows the cross-sectional SEM images
of the conventional undoped diamond film and Si-doped
SFGD film. It can be observed from Fig. 5 that the
structure of Si-doped diamond film which presents near
the substrate is quite similar to that of pure diamond:
both have columnar structure with coarse crystalline
grains. This probably means that the Si-doped diamond
crystals easily grow in the first 6 h, as shown in Figs.
4(a)—(c). As the diamond crystallites continue to grow,
the coarse grains and the columnar structure of the
conventional undoped diamond film generally remain
unchanged. In contrast, for Si-doped diamond film, the
columnar structure becomes more and more tenuous
when it approaches the surface of Si-doped diamond.
Finally, the structure disappears when it reaches the
surface and the cross-sectional structure is familiar with
that padded by silver sand. This indicates that during the
next 2 h the massive secondary nucleation occurs and
SFGD film is synthesized. According to Fig. 6, the surface
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Fig. 6 Surface AFM image of Si-doped SFGD film

AFM image of the Si-doped SFGD film, the film is
composed of refined diamond particles with grain sizes
ranging from 100 to 200 nm. The film is familiar with
the structure piled by silver sand rather than columnar
shape. The surface roughness of the film is measured at
R,<60 nm by AFM in a 10 umx10 um scanning area.
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Fig. 7 XRD patterns of Si-doped diamond films at Si to C ratio
of 1% with different growth time

Figure 7 shows the XRD pattern of the Si-doped
diamond films at Si to C ratio of 1% with different
growth time. As exhibited, for the Si-doped diamond
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film grown for 2 h, the peak at 26 value of 28.5° is
attributed to the (111) silicon substrate, which can be
observed because of the insufficient thickness of the
sample. With the increase of growth time, the peak of
diamond (220) plane becomes intense. In contrast, the
peak of diamond (111) plane remains rather weak.
Moreover, it can be observed that the content of
amorphous carbon in the diamond films obviously
increases with the growth time.

From SEM micrographs of Si-doped diamond films
grown with different Si concentration and growth
duration, it is observed that Si doping can affect the
orientation of crystalline grains: undoped diamond film
is dominated by pyramidal facets, while with the increase
of Si concentration, the Si-doped diamond tends to be

dominated by hexagonal or rhombic facets. Meanwhile,
XRD spectra of Si-doped diamond show the inhibition of
(111)-oriented facet formation. Therefore, it can be
concluded from SEM and XRD analyses that Si doping
can inhibit the formation of (111) oriented facets. WILD
et al [17] systematically investigated the growth rate of
facets and dominated orientation during CVD diamond
deposition. According to their study, deposition
temperature and reactant gas concentration have great
influence on the growth rate of crystalline facet. Si
doping may change the chemical groups in the growth
atmosphere and affect the adsorption and diffusion of
active groups of carbon grains during deposition.

Figures 8(a)—(f) show the Raman spectra of
Si-doped diamond films with different Si concentrations.
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Fig. 8 Raman spectra of Si-doped diamond films with different Si to C ratios: (a) 0; (b) 0.2%; (c) 0.4%; (d) 0.6%; (e) 0.8%; (f) 1%
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These Raman spectra have been deconvolved and
analyzed by multi-Gaussian peak fitting. The results are
summarized in Table 2. Each Gaussian is defined by its
centre wavenumber, full-width-half-maximum (cmfl)
and height. The proposed identification of the peaks in
Table 2 is based on Refs. [18—20]. For undoped diamond
film, the sharp and intense peak at 1333.53 cm ', which

represents the sp’-bonded carbon, indicates high
phase-purity polycrystalline diamond. As for Si-doped
diamond films, however, rather high proportion of
non-diamond (sp’-bonded) carbon phase can be
obviously observed, which suggests the decrease of
diamond film quality, as shown in Figs. 8(b)—(f) and
Table 2. Moreover, it can be detected that a Raman band

Table 2 Results of multi-peak fitting Raman spectra of CVD diamond films

Film Peak No. Peak identification Peak p 0§1i tion/ FWH,I:/I/ Peak height
cm cm (au.)

P ‘E;i;izr(‘;;’;ld 1 Polycrystalline diamond 1333.00 1000 7600.00

1 Longitudinal optic (LO) mode of SiC 1039.40 13.00 201.90

2 Transpolyacetylene 1199.60 38.31 5266.52
3 Maximum in PDOS of diamond or transpolyacetylene 1292.50 38.31 10580.00

”(S(i%/ i”g(.%);()’f% 4 Polycrystalline diamond 1334.60 4.00 1700.00
5 D band of graphitic carbon 1372.50 38.31 7949.14

6 transpolyacetylene 1463.80 38.31 6053.91

7 G band for sp” site 1554.72 38.31 4923.54

1 Longitudinal optic (LO) mode of SiC 1007.60 14.90 334.80

2 Transpolyacetylene 1195.00 38.00 4200.00

3 Maximum in PDOS of diamond or transpolyacetylene 1284.20 39.00 7800.00

n(Sgs/lng(CS)(:C())f% 4 Polycrystalline diamond 1334.70 3.50 1400.00
5 D band of graphitic carbon 1353.19 40.00 8200.00

6 Transpolyacetylene 1446.00 43.00 6500.00

7 G band for sp” site 1546.00 40.00 4800.00

1 Longitudinal optic (LO) mode of SiC 1005.00 19.00 555.20

2 Transpolyacetylene 1199.78 36.56 5012.14

3 Maximum in PDOS of diamond or transpolyacetylene 1290.24 36.56 8157.39

”(S(i%/ i”g(.cg)(:d())f% 4 Polycrystalline diamond 1335.00 3.00 2100.00
5 D band of graphitic carbon 1356.44 36.56 5846.60

6 Transpolyacetylene 1450.53 36.56 4620.04

7 G band for sp” site 1552.36 36.56 2743.32

1 Longitudinal optic (LO) mode of SiC 975.40 8.00 1310.00

2 Transpolyacetylene 1184.36 26.09 1274.46

3 Maximum in PDOS of diamond or transpolyacetylene 1294.66 55.62 4624.20

n(Sgs/lng(CS)(:e()))S% 4 Polycrystalline diamond 1333.70 4.00 2000.00
5 D band of graphitic carbon 1388.79 42.32 2555.14

6 Transpolyacetylene 1459.95 29.49 1810.22

7 G band for sp” site 1539.94 38.90 2126.59

1 Longitudinal optic (LO) mode of SiC 995.70 11.60 1783.10

2 Transpolyacetylene 1190.00 39.00 6850.00

3 Maximum in PDOS of diamond or transpolyacetylene 1280.00 38.00 9180.00

”(igfg(g()g)l% 4 Polycrystalline diamond 1334.90 2.90 4500.00
5 D band of graphitic carbon 1351.89 38.44 8904.56

6 Transpolyacetylene 1450.11 39.80 5500.00

7 G band for sp” site 1547.34 38.44 2865.44
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around 1000 cm ™' appears and becomes more intense
with the increase of Si concentration, which can be
ascribed to SiC signal [18]. This may prove the existence
of Si—C bonds in Si-doped diamond. Also, the wave
numbers of the diamond peak in Raman spectra of
Si-doped diamond are all slightly blue-shifted with
respect to the corresponding peak in the pure CVD
diamond (1333 cm''), which means greater residual
stress in Si-doped diamond films.

The above results of Raman spectra can be
interpreted from the following two aspects. On one side,
the atomic size of Si is almost 50% larger than that of
carbon. Its accommodation at a regular diamond lattice is
likely to cause lattice distortion and dilatation, and thus
cause compressive stress. When the lattice strain energy
reaches or exceeds the defect formation energy, the stress
will release and defects will come into being, which can
capture more Si impurity in turn. This process causes the
increase of defects and sp® phase in Si-doped diamond.
On the other side, due to Si doping, the grain size of
Si-doped diamond film is smaller than that of pure
diamond film, which leads to higher grain boundary
density. This can produce increasing graphite-like
sp” bonded components and amorphous carbon at the
grain boundaries. With the increasing proportion of
non-diamond carbon phase, the internal film stress also
increases. Consequently, the Si doping can promote the
formation of non-diamond carbon phase (mainly
amorphous carbon and graphite) and increase residual
stress in polycrystalline diamond.

There are two crucial factors that contribute to the
occurrence of the fine-grained crystals in the Si-doped
diamond films. One is to control the crystal grain size
and avoid overgrowth; the other is to increase the
nucleation density during the nucleation stage. On one
hand, Si doping can avert the overgrowth of crystallites.
The atom mass of Si is much larger than that of carbon;
so on average the particle with Si atoms carries more
energy than ordinary hydrocarbon in the reaction
chamber. Consequently, the particles with Si atoms
bombard substrate and supply more energy to surface
than particles of ordinary hydrocarbon. It is difficult for
diamond grain to overgrow on the occasion of the more
and stronger bombardment [21]. Also, Si doping has
induced the presence of Si—C bonds in the films, which
can weaken the adjacent C—C bonds and contribute to
the sp’-bonded carbon phase. This also constrains the
over growth of diamond crystallites. On the other hand,
as noted earlier, in the reaction chamber the substrate is
bombarded by the particles with Si atoms and receives
more energy. The adsorbed particles with Si atoms on the
substrate become more active and promote the ratio of
the secondary formation of nuclei [21]. Moreover, the Si
doping can greatly promote the formation of amorphous

carbon in the diamond films, which can be the perfect
site for diamond nucleation [22,23]. Therefore, it can be
concluded that Si doping can make significant
contributions to the increase of nucleation density. The
above mentioned are the reasons to form the refined
crystallites in Si-doped diamond films. The crystalline
grain size can be greatly affected by Si concentration and
growth duration. In this work, the most refined grains, i.e.
SFGD crystallites, are achieved at n(Si)/n(C) ratio of 1%
with growth duration of 8 h.

As for the reason large scale of the secondary
nucleation occurs only after 6 h growth for the Si-doped
diamond film with doping level of 1%, the followings
are the reasons. The Si doping can greatly promote the
formation of defects and non-diamond carbon phase in
the diamond film, which can constrain the overgrowth of
diamond crystals. Meanwhile, as the growth time goes
on, the defects and non-diamond carbon phase, like
amorphous carbon, constantly increase. As mentioned
above, the amorphous carbon can be perfect site for
diamond nucleation. Consequently, after 6 h deposition
high quantity of non-diamond carbon phase has
accumulated at the diamond grain boundaries and
induced large scale of secondary nucleation. The fine
grains generated from the secondary nucleation cover the
initial micro diamond crystals and then SFGD film is
formed.

Figure 9 shows the surface profiles and surface
roughness of diamond films. The surface roughness of
Si-doped diamond films is obviously smaller than that of
pure diamond film, which is attributed to the relatively
smaller grain size. The surface of Si-doped diamond film
at n(Si)/n(C) ratio of 1% is smoother than other Si-doped
diamond films. This is due to its remarkably refined
crystallites.

4 Conclusions

1) Si doping in the diamond films results in the
change in the surface morphology from (111) facets to
rhombic shaped facets, i.e. (110) facets. XRD analysis
shows that Si doping dramatically inhibits the formation
of (111) oriented facets, which accords with SEM study.

2) Si doping can reduce crystallite size and enhance
grain refinement. When n(Si)/n(C) ratio rises to 0.6%,
the second nucleation appears and the thin film
ultimately attain SFGD crystallites at n(Si)/n(C) ratio of
1%. Consequently, Si-doped diamond film has lower
surface roughness than pure diamond film (R,=735.5 nm).
Due to its fine-grained crystalline surface, the Si-doped
diamond film grown at n(Si)/n(C) ratio of 1% has the
minimum roughness (R,=330.5 nm).

3) Si doping enhances the formation of defects
and non-diamond phase in the films, which is of great
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Fig. 9 Surface profiles of diamond films with different Si to C ratios: (a) 0; (b) 0.2%; (c) 0.4%; (d) 0.6%; (e) 0.8%; (f) 1%

importance to the secondary nucleation. Moreover, Si
doping promotes Si—C bonds formation in the films. Si
doping and Si—C bonds also play a role in restricting the
over growth of crystallites. These are the reasons to
attain grain refinement and fabricate SFGD film by Si
doping.
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