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Low temperature deposition of
polycrystalline silicon carbide film
using monomethyisilane gas

Hitoshi Habuka
Yokohama National University
Yokohama, Japan

1. Introduction

Silicon carbide (Greenwood and Earnshaw, 1997) has been widely used for various
purposes, such as dummy wafers and reactor parts, in silicon semiconductor device
production processes, due to its high purity and significantly small gas emission. In many
other industries, silicon carbide has been used for coating various materials, such as carbon,
in order to protect them from corrosive environment. Recently, many researchers have
reported the stability of silicon carbide micro-electromechanical systems (MEMS) under
corrosive conditions consisting of various chemical reagents (Mehregany et al., 2000; Stoldt
et al., 2002; Rajan et al., 1999; Ashurst et al., 2004).

For producing silicon carbide film, chemical vapour deposition (CVD) is performed at the
temperatures higher than 1500 K (Kimoto and Matsunami, 1994; Myers et al., 2005). Because
such a high temperature is necessary, various materials having low melting point cannot be
coated with silicon carbide film. Thus, the development of the low temperature silicon
carbide CVD technique (Nakazawa and Suemitsu, 2000; Madapura et al., 1999) will extend
and create enormous kinds of applications. For this purpose, the CVD technique using a
reactive gas, such as monomethylsilane, is expected.

Here, the silicon carbide CVD using monomethylsilane gas (Habuka et al., 2007a; Habuka et
al., 2009b; Habuka et al., 2010) is reviewed. In this article, first, the thermal decomposition
behaviour of monomethylsilane gas is clarified. Next, the chemical reactions are designed in
order to adjust the composition of silicon carbide film. Finally, silicon carbide film is
obtained at low temperatures, and its stability is evaluated.

2. Reactor and process

The horizontal cold-wall CVD reactor shown in Figure 1 is used for obtaining a polycrystalline
3C-silicon carbide film. This reactor consists of a gas supply system, a quartz chamber and
infrared lamps. The height and width of quartz chamber are 10 mm and 40 mm, respectively.
A (100) silicon substrate, 30 x 40 mm, is placed on the bottom wall of the quartz chamber. The
silicon substrate is heated by halogen lamps through the quartz chamber walls.
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Fig. 1. Horizontal cold-wall CVD reactor for silicon carbide film deposition.

In this reactor, hydrogen gas, nitrogen gas, monomethylsilane gas, hydrogen chloride gas
and chlorine trifluoride gas are used. Hydrogen is the carrier gas. It can remove the silicon
oxide film and organic contamination presents at the silicon substrate surface. Hydrogen
chloride gas is used for adjusting the ratio of silicon and carbon in the silicon carbide film.
Throughout the deposition process, the hydrogen gas flow rate is 2 slm. Figures 2, 3 and 4
show the film deposition process, having Steps (A), (B), (C), (D) and (E).
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g ®)
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Fig. 2. Process of silicon carbide film deposition using gases of monomethylsilane, hydrogen
chloride and hydrogen.

At Step (A), the silicon substrate surface is cleaned at 1370 K for 10 minutes in ambient
hydrogen. Step (B) is the silicon carbide film deposition using monomethylsilane gas with or
without hydrogen chloride gas at 870 - 1220 K. Step (C) is the annealing of the silicon
carbide film in ambient hydrogen at 1270 K for 10 minutes.

In the process shown in Figure 2, Step (B) is performed after Step (A). In contrast to this, the
process shown in Figure 3 involves first Step (A) and then the repetition of Steps (B) and (C).
Figure 4 is the process for low temperature deposition and evaluation of the film, consisting
of Steps (A), (D) and (E). Step (D) is the silicon carbide film deposition at low temperatures,
room temperature - 1070 K, using a gas mixture of monomethylsilane and hydrogen
chloride. At Step (E), the obtained film is exposed to hydrogen chloride gas at 1070 K for 10
minutes. Because hydrogen chloride gas can significantly etch silicon surface at 1070 K
(Habuka et al., 2005) and does not etch silicon carbide surface, the stability of the obtained
film is quickly evaluated by Step (E).
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Fig. 3. Process of silicon carbide film deposition accompanying annealing step.
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Fig. 4. Process of silicon carbide film deposition and etching.

The average thickness of the silicon carbide film is evaluated from the increase in the
substrate weight. The surface morphology is observed using an optical microscope, a
scanning electron microscope (SEM) and an atomic force microscope (AFM). Surface
microroughness is evaluated by AFM. In order to observe the surface morphology and the
film thickness, a transmission electron microscope (TEM) is used. The X-ray photoelectron
spectra (XPS) reveal the chemical bonds of the silicon carbide film. Additionally, the
infrared absorption spectra through the obtained film are measured.

In order to evaluate the gaseous species produced during the film deposition in the quartz
chamber, a part of the exhaust gas from the reactor is fed to a quadrupole mass spectra
(QMS) analyzer, as shown in Figure 1.

After finishing the film deposition, the quartz chamber is cleaned, using chlorine trifluoride
gas (Kanto Denka Kogyo Co., Ltd., Tokyo, Japan) at the concentration of 10 % in ambient
nitrogen at 670 - 770 K for 1 minute at atmospheric pressure.

3. Thermal decomposition of monomethyisilane

First, the thermal decomposition behavior of monomethylsilane gas is shown in order to
choose and adjust the substrate temperature so that the silicon-carbon bond is maintained in
the molecular structure during the silicon carbide film deposition.
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Figure 5 shows the quadrupole mass spectra at the substrate temperatures of (a) 300 K, (b)
970 K, and (c) 1170 K. The concentration of monomethylsilane gas is 5% in ambient
hydrogen at atmospheric pressure. The measured partial pressure is normalized using that
of hydrogen molecule.
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Fig. 5. Quadrupole mass spectra measured during silicon carbide film deposition at Step (B)
in Figure 2. The substrate temperatures are (a) 300 K, (b) 970 K, and (c) 1170 K. The
monomethylsilane concentration is 5%.

Figure 5 (a) shows the three major groups at masses greater than 12, 28 and 40 a. m. u.,
corresponding to CH,*, SiH,* and SiH.CH,*, respectively. Because no chemical reaction
occurs at room temperature, CH,* and SiH.* are assigned to products due to the
fragmentation in the mass analyzer. Cl* is detected, as shown in Figure 5 (a), because a very
small amount of chlorine from the chlorine trifluoride, used for the in situ cleaning, remains
in the reactor. Figure 5 (b) also shows that the three major groups of CH,*, SiH,* and
SiH.CHy* exist at 970 K without any significant change in their peak height compared with
the spectrum in Figure 5 (a). Therefore, Figure 5 (b) indicates that the thermal
decomposition of monomethylsilane gas is not significant at 970 K. However, at 1170 K, the
partial pressure of the CH,* group increases and that of the SiHyCHy* group significantly
decreases, as shown in Figure 5 (c). Simultaneously, the Si;H* group appears at a mass
greater than 56. The appearance of Si;H,* is due to the formation of the silicon-silicon bond
among SiH, produced by the thermal decomposition of monomethylsilane.

4. Film deposition from monomethyisilane

From Figure 5, a substrate temperature lower than 970 K is expected to be suitable for
suppressing the thermal decomposition of monomethylsilane gas. Therefore, the silicon
carbide film deposition is performed at 950K following the process shown in Figure 2. Here,
the monomethylsilane concentration is 5% in ambient hydrogen at the total flow rate of 2
slm. After the deposition, the chemical bond and the composition of the obtained film are
evaluated using the XPS.
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Figure 6 (a) and (b) show the XPS spectra of C 1s and Si 2p, respectively, of the film obtained
from monomethylsilane gas. Because very large peaks due to the silicon-carbon bond exist
near 282 eV and near 100 eV, most of the deposited film is shown to be silicon carbide. This
coincides with the fact that the infrared absorption spectrum of this film showed a peak near
793 cm1, which corresponds to the silicon-carbon bond (Madapura et al., 1999).
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Fig. 6. XPS spectra of (a) C 1s and (b) Si 2p of silicon carbide film deposited at the
monomethylsilane concentration of 5%, and at the substrate temperature of 950K.

In Figure 6, the peak corresponding to Si(O, Cl, F)Cy, SiOx is detected. Because the gas
mixture used for the film deposition do not include considerable amount of chlorine,and
fluorine, and because the XPS measurements were performed ex-situ, the film surface
oxidization may occur during its storage in air. This oxidation is attributed to
monomethylsilane species remaining at the growth surface. The other peaks related to
carbon are considered to be organic contamination on the film surface (Ishiwari et al., 2001).
However, the existence of an XPS peak below 100 eV shows that this film includes a
considerable amount of silicon-silicon bonds. The silicon-silicon bond can be formed due to
the silicon deposition from the SiHy produced in the gas phase. This indicates that the
thermal decomposition of monomethylsilane gas in the gas phase at 950 K is not negligible,
although it is significantly low at this temperature, as shown in Figure 5. Therefore, a
method of reducing the excess silicon is necessary.

5. Film deposition from monomethylsilane and hydrogen chloride

Here, the method of reducing the excess silicon in the film is explained, adopting the process
using hydrogen chloride gas shown in Figure 2.

Figure 7 shows the quadrupole mass spectrum measured during the silicon carbide film
deposition using monomethylsilane gas and hydrogen chloride gas. The substrate
temperature is 1090K, which is higher than 970 K used in the previous section. Because the
higher temperature increases all the chemical reaction rates, any changes due to the addition
of hydrogen chloride gas can be clearly recognized. At this temperature, a considerable
number of silicon-carbon bonds can be maintained in monomethylsilane molecule,
according to Figure 5 (c). Additionally, this temperature is near the optimum temperature
for silicon carbide film growth using monomethylsilane gas, as reported by Liu and Sturm
(Liu and Sturm, 1997). The gas concentrations of monomethylsilane and hydrogen chloride
are 2.5% and 5%, respectively, in hydrogen gas at the flow rate of 2 slm. In Figure 7, the
partial pressure of the various species is normalized using that of hydrogen molecule.
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Fig. 7. Quadrupole mass spectra measured during silicon carbide film deposition by the
process in Figure 2. The substrate temperature is 1090K. The monomethylsilane gas
concentration is 2.3%. The hydrogen chloride gas concentration is 4.7 %.

Figure 7 shows the SiH.CH,*, CH\*, SiHx* and HCI* groups, which are assigned to the
monomethylsilane gas, its fragments and hydrogen chloride gas, respectively. In this figure,
the SioHy* group was not detected, unlike Figure 5. In addition to these, there are the
chlorosilane groups (SiH\Cly) at masses over 63 (y=1), 98 (y=2) and 133 (y=3) and the
chloromethylsilane group (SiH.ClyCH.) at masses over 75 (y=1), 110 (y=2) and 145 (y=3).
Therefore, the chlorination of monomethylsilane and silanes is concluded to occur in a
monomethylsilane-hydrogen chloride system.

Figure 8 (a) shows the XPS spectra of C 1s of the obtained film. The carbon-silicon bond is
clearly observed at 283 eV; its oxidized or chlorinated state, Si(O, Cl, F)\Cy, also exists, as
shown in this figure. The other peaks are related to the organic contamination on the film
surface (Ishiwari et al., 2001). Figure 8 (b) shows the XPS spectra of Si 2p of the film obtained
under the same conditions as those in the case of Figure 8 (a). Consistent with Figure 8 (a),
Figure 8 (b) shows that the silicon-carbon bond and Si(O, Cl, F)C, bond exist on the film
surface. Because the infrared absorption spectra through the obtained film showed a peak
near 793 cm-!, which corresponded to the silicon-carbon bond (Madapura et al., 1999), most
of this film is determined to be silicon carbide. From a small number of silicon-oxygen
bonds in Figure 8 (b), some of the silicon-carbon bonds in the remaining intermediate
species show that it has oxidized during storage in air.
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Fig. 8. XPS spectra of (a) C 1s and (b) Si 2p of silicon carbide film. The substrate temperature
is 1090K. The monomethylsilane gas concentration is 2.3%. The hydrogen chloride gas

concentration is 4.7%.

The most important information obtained from Figures 8 (a) and (b) is that the amount of
silicon-silicon bonds are reduced at 1090 K, which is higher than that in Figure 6; many
carbon-carbon bonds exist at the film surface. Therefore, this result shows that the hydrogen

chloride plays a significant role in reducing the amount of excess silicon.

6. Chemical reaction in monomethylsilane and hydrogen chloride system

On the basis of the information obtained from Figures 5 - 8, the chemical reactions in the gas
phase and at the substrate surface can be described as shown in Figure 9 and in Egs. (1) - (9).

Thermal decomposition of SiH;CHa:
SiH;CH; — SiH3+CH3

SioHe production:
2S5iH; — SioHs

Si production:
SiHz —Si+ (3/2)H:

Si production:
SioHe — 2Si +3H»

Si etching (Habuka et al., 2005):
Si+3HCl — SiHCl3 +H»
Chlorination of SiHs:

SiH3+3HCI —> SiHCls+ (5/2)H,
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Chlorination of SiH;CHs:
SiH3CH3+3HCl — SiCl3CH3 + 3H» (7)
Chlorination of Si;Hg:
Sio,He+6HCl —> 2SiHCl3 +5H; 8)

Silicon carbide production:

SiH;CH; — SiC +3H; (9)
HCI_
; i:;:;u,\ LSiCH,CI,
L e SIH Cl
D @) (6) 3 O
ad CH s (8):' i
SiH,CH LY S
1) SlH )2( 1,Hs |
©) \ /
(5) )

SiC

Substrate surface

Fig. 9. Chemical process of silicon carbide film deposition using monomethylsilane gas and
hydrogen chloride gas. (i) is the equation number.

In these chemical reactions, a small amount of monomethylsilane gas is thermally
decomposed to form SiH3, as shown by Eq. (1). SiH; forms silicon-silicon chemical bonds
with each other to produce Si>Hg following Eq. (2). Both SiHs and Si>Hg can produce silicon
in the gas phase and at the substrate surface, following Egs. (3) and (4), respectively.

One of the possible origins of chlorosilanes, as shown in Figure 7, is the etching of silicon at
the substrate surface, as described in Eq. (5), because the silicon etch rate using hydrogen
chloride is considerably high (Habuka et al., 2005). Another reason for the production of
chlorosilanes is the chemical reaction of hydrogen chloride gas with SiHz and Si>Hs in the
gas phase, as described in Eqgs. (6) and (8), respectively. Because chloromethylsilanes are
simultaneously detected, monomethylsilane reacts with hydrogen chloride, as shown in Eq.
(7). In addition to these reactions, silicon carbide is produced by the chemical reaction in Eq.
9).

The chemical reactions, Egs. (1) - (8), can affect the film composition. Si;Hy is very easily
decomposed to produce silicon clusters in the gas phase and on the substrate surface, in Eq.
(4). However, the formation of Si;Hs is suppressed by means of the production of SiHCl;
from SiHs, in Eq. (6), immediately after the SiH3 formation. Therefore, the number of silicon
clusters produced in the gas phase is reduced by adding the hydrogen chloride gas; this
change can affect the composition of the film.
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Here, the composition of the film measured by XPS shows that the film surface formed
without using hydrogen chloride gas has greater silicon content than that of carbon, as
shown in Figure 6. In contrast, the film surface obtained using hydrogen chloride gas has a
smaller silicon content than that of carbon, as shown in Figure 8. This result shows that
hydrogen chloride gas can reduce the excess silicon on the film surface; the film composition
can be adjusted by changing the ratio of hydrogen chloride gas to monomethylsilane gas.

7. Film thickness

Figure 10 shows the relationship between the silicon carbide film thickness and the
deposition time, using the process shown in Figure 2, at the substrate temperature of 1070 K.
As shown in this figure, the film thickness is maintained at around 0.14 pm from 1 to 30
minutes. This shows that the film deposition stops within 1 minute. This coincides with
those obtained by lkoma et al. (Ikoma., 1999) and Boo et al. (Boo et al, 1999) using
monomethylsilane gas.

0.8 | w
Temperature: 1070K
SiH,CH;: 0.05sIm

~ 0.6 ¢ HCI: 0.2 slm A
g H,: 2 slm
a 04 i
2
2
.
<= L
= 02 ° Average

0 | | |

0 10 20 30 40

Deposition period (min)
Fig. 10. Relationship between silicon carbide film thickness and deposition period, at the

substrate temperature of 1070 K. The flow rate of monomethylsilane and hydrogen chloride
is 0.05 slm and 0.2 slm, respectively, in hydrogen gas of 2 slm.

When the deposition stopped, the surface is assumed to have a major amount of carbon
terminated with hydrogen. This assumption is consistent with the following results:

(1) The bonding energy between carbon and hydrogen is much higher than that of other
chemical bonds among silicon, hydrogen and chlorine (Kagaku Binran, 1984).

(2) Hydrogen bonded with carbon remains at temperatures less than 1270 K (Nakazawa and
Suemitsu, 2000).

(3) The silicon-hydrogen and silicon-chlorine chemical bonds cannot perfectly terminate the
surface to stop the film deposition, because the silicon epitaxial film growth can continue in
a chlorosilane-hydrogen system at 1070 K (Habuka et al., 1996).
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In order to remove the hydrogen atoms bonded with carbon at the surface, high-
temperature annealing is convenient. Using the process shown in Figure 3, the substrate is
heated at 1270 K for 10 minutes, Step (C), before and after the film deposition at 1070 K.
Here, the film deposition period in each step is 1 minute.

Figure 11 shows the thickness of silicon carbide film obtained by the process employing
Step (C), between the film deposition steps, as shown in Figure 3. The flow rates of
hydrogen gas and hydrogen chloride gas are fixed to 2 slm and 0.2 slm, respectively. The
flow rate of monomethylsilane gas is 0.05 and 0.1 slm. The film deposition period at each
step is 1 minute. The film thickness increases with the increasing flow rate of
monomethylsilane gas. Simultaneously, the film thickness is increased by repeating the
deposition and annealing. The thickness of the obtained film is greater than 2 um with the
total deposition period of 4 minutes.

Temp: '1070K, 1 min/re'petition |
3 [ H,:2slm, HCI: 0.2 slm
2 |
22t
6
2]
=
= i
0

Repetition (-)
Fig. 11. Silicon carbide film thickness increasing with the repetition of the deposition using
monomethylsilane gas with hydrogen chloride gas (Step (B)) at 1070 K and the annealing at
1270 K (Step (C)). The flow rate of monomethylsilane gas is 0.05 slm and 0.1 slm. The flow
rate of hydrogen chloride and hydrogen is 0.2 slm and 2 slm, respectively.

Figure 12 shows the infrared spectra of the films corresponding to those at the
monomethylsilane gas flow rate of 0.05 slm in Figure 11. The numbers in this figure indicate
the number of repetitions of Steps (B) and (C) in Figure 3. Although these spectra are very
noisy, a change in the transmittance clearly appears at the silicon carbide reststrahl band
(700 - 900 cm) (MacMillan et al., 1996). With the increasing number of repetitions of Steps
(B) and (C), the transmittance near 793 cm- of 3C-silicon carbide (Madapura et al., 1999)
significantly decreases while maintaining the wave-number having a very wide absorption
bandwidth. Therefore, the thick film obtained by the process shown in Figure 3 is
polycrystalline 3C-silicon carbide.
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Fig. 12. Infrared absorption spectra of silicon carbide film after repeatedly supplying gas
mixture of monomethylsilane and hydrogen chloride for 1 min at 1070 K (Step (B)) and
annealing at 1270 K for 10 min (Step (C)). The flow rates of monomethylsilane and hydrogen
chloride are 0.05 slm and 0.2 slm, respectively, in hydrogen gas of 2 slm.

Figures 13 and 14 show the surface of the film obtained at 1070K, corresponding to 4
repetitions of Steps (B) and (C) in Figures 11 and 12. The substrate surface is covered with
the film having small grains, and it has neither porous nor needle-like appearance.

100 um
Fig. 13. Surface morphology of the silicon carbide film after four repetitions of Steps (B) and
(C), observed using optical microscope. The condition of silicon carbide film is the same as
that in Figure 12.

Figure 15 shows the morphology of the film surface which is obtained after (R1) one, (R2)
two, (R3) three and (R4) four repetitions of Steps (B) and (C). At the deposition, substrate
temperature is 1070 K; the flow rate of monomethylsilane gas is 0.05 slm. The flow rate of
hydrogen chloride and hydrogen is 0.2 slm and 2 slm, respectively. With increasing the
repetitions, the film surface tends to be slightly rough, and shows very small grains.
However, no significant roughening is recognized to occur.

When the film deposition is governed by particles formed in the gas phase, the film
deposition can continue as long as the monomethylsilane gas is supplied. However, the film
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deposition saturated. Therefore, the film having the small grain appearance is concluded to
be formed dominantly by the surface process. Additionally, it is noted here that the
roughening of silicon substrate surface due to etching by hydrogen chloride is not
significant, because the film surface can be covered with silicon carbide, immediately after
initiating the film deposition.

Sum
Fig. 14. SEM image of the film surface after four repetitions of Steps (B) and (C). The
condition of silicon carbide film is the same as that in Figure 12.

(R1) (R2) (R4) 100 pm

Fig. 15. Photograph of the silicon carbide film surface, obtained at 1070 K and at
monomethylsilane gas flow rate of 0.05 slm. The flow rate of hydrogen chloride and
hydrogen is 0.2 slm and 2 slm, respectively. (R1), (R2), (R3) and (R4) are obtained after one,
two, three and four repetitions, respectively, of Steps (B) and (C) in Figure 3.

9. Surface chemical process: stop and restart deposition

The surface chemical process is discussed in relation to stopping and restarting the silicon
carbide film growth.

The silicon carbide film deposition starts at the silicon substrate surface, as shown in Figure
16 (i). During Step (B) in Figure 3, silicon carbide film is formed, as shown in Figure 16 (ii).
However, because the carbon-hydrogen bond tends to remain (Nakazawa and Suemitsu,
2000; Yoon et al., 2000), carbon at the surface can be terminated with hydrogen, as shown in
Figure 16 (iii).

The hydrogen terminating the silicon carbide film surface is removed by means of high
temperature annealing, as shown in Figure 16 (iv). Here, the bare silicon carbide surface can
be formed; the process can return to the surface shown in Figure 16 (ii), at which Step (B) is
possible.
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Fig. 16. Chemical process for silicon carbide film formation from monomethylsilane gas. (i):
silicon substrate, (ii): silicon carbide deposition using monomethylsilane gas, (iii): surface
termination by hydrogen, and (iv) desorption of hydrogen.

The effective method to increase the film thickness, other than the repetition of Steps (B) and
(©), is to increase the growth rate at Step (B), while the hydrogen-terminated surface is built.
Figure 11 shows that the obtained film thickness at the monomethylsilane gas flow rate of
0.1 slm is greater than that at 0.05 slm. Thus, the silicon carbide film growth rate increases
with the monomethylsilane gas concentration.

10. Hydrogen chloride gas flow rate

The silicon carbide film thickness at various gas compositions of monomethylsilane and
hydrogen chloride for 5 minutes at 1070 K is shown in Figure 17. The hydrogen gas flow
rate is 2 slm; the hydrogen chloride gas flow rate is 0.1 slm (circle), 0.15 slm (square) and 0.2
slm (triangle).

In Figure 17, the film thickness entirely decreases with the increasing hydrogen chloride gas
flow rate. The square and triangle show that the silicon carbide film thickness is very small
but it gradually increases with the increasing monomethylsilane gas flow rate between 0.05
and 0.2 slm. In contrast to this, the silicon carbide film thickness obtained at the hydrogen
chloride gas flow rate of 0.1 slm, indicated by the circle, shows a significant increase at the
monomethylsilane gas flow rate greater than 0.1 slm. Simultaneously, the surface
appearance of the film having such a significant thickness increase becomes dark and very
rough.
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Fig. 17. Silicon carbide film thickness produced for 1 minute at 1070 K. Hydrogen chloride
gas flow rate is 0.1 slm (circle), 0.15 slm (square) and 0.2 slm (triangle). Hydrogen gas flow
rate is 2 slm.

Here, it should be noted that the silicon substrate surface was significantly etched by
hydrogen chloride gas at its flow rate of 0.1 slm for 60 s, without monomethylsilane gas.
This indicates that the silicon-silicon bond present at the film surface can be removed by
hydrogen chloride gas. Thus, from these results, the amount of excess silicon in the silicon
carbide film is decreased, however, the insufficient amount of hydrogen chloride gas can not
sufficiently suppress the incorporation of excess silicon. From Figure 17, the amount of
hydrogen chloride gas, comparable to or greater than that of the monomethylsilane gas, is
necessary for the effective removal of the excess silicon. Because the hydrogen chloride flow
rate larger than 0.15 slm is sufficient for the film formation at the monomethylsilane gas flow
rate between 0.05 and 0.2 slm, the film thickness could linearly increase with the increasing
monomethylsilane gas flow rate, as indicated using square and triangle in Figure 17.

11. Surface morphology

The surface morphology of the silicon carbide film is evaluated by the AFM, because some
of the silicon carbide films obtained from monomethylsilane gas shows a mirror-like
appearance by visual inspection. Figure 18 shows the AFM photograph of (a) silicon surface
before the film formation, and (b) silicon carbide film surface with a thickness of 0.2 um
obtained at 1070 K for 5 min at the monomethylsilane gas flow rate of 0.092 slm and
hydrogen chloride gas flow rate of 0.15 slm. The measured area was 0.2 x 0.2 pm.
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Fig. 18. AFM photograph of (a) silicon substrate surface and (b) silicon carbide film surface
with the thickness of 0.2 um obtained at 1070 K for 5 minutes at the monomethylsilane gas
flow rate of 0.092 slm and hydrogen chloride gas flow rate of 0.15 slm. The Ra and RMS
microroughness are 0.6 nm and 0.7 nm, respectively.

Figure 18 (a) shows that the silicon substrate surface before the film formation is very
smooth with the average roughness (Ra) and the root-mean-square roughness (RMS) of 0.2
nm and 0.3 nm, respectively. After the silicon carbide film formation, the surface roughness
slightly increases due to the formation of short hillocks, as shown in Figure 18 (b). However,
its surface appearance is still specular by visual inspection. The Ra and RMS
microroughness are 0.6 nm and 0.7 nm, respectively.

Some of the silicon carbide films obtained from monomethylsilane gas at 1070 K show a
small grain-like surface, as shown in Figures 13, 14 and 15, but the other films often show a
specular surface. Because the specular surface is expected to have a higher coating quality
than that of a grain-like surface, the condition for obtaining the smooth surface with a high
reproducibility should be studied in future.

12. Low temperature deposition

In this section, the low temperature silicon carbide film formation is described. For
maintaining the gas condition in a series of film deposition, hydrogen chloride gas is
introduced with monomethylsilane gas, even at room temperature, at which temperature
hydrogen chloride gas hardly reacts with silicon. In the silicon carbide film formation for 60
seconds at various temperatures between 1070 K and room temperature following Steps (A)
and (D) in Figure 4, the obtained film thickness was around 0.1 um, and their surface often
has a grain-like morphology, as shown in Figure 19 and a yellowish appearance indicating
the existence of the silicon carbide film. Thus, the film formation at the lowest temperature,
that is, at room temperature, is further explained.

The average film thickness obtained at room temperature, following Steps (A) and (D) in
Figure 4, is 0.1 pm, which is comparable to the thickness obtained at 1070 K. In order to
quickly evaluate the coating quality of the silicon carbide film, the film surface is further
exposed to hydrogen chloride gas at 1070 K, following Step (E) in Figure 4. Because the film
shows no decrease in weight and no change in its surface appearance, the film formed at
room temperature is expected to be silicon carbide.
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200 um
Fig. 19. Surface morphology of the film formed at room temperature for 60 s using
monomethylsilane gas (0.092 slm) and hydrogen chloride gas (0.15 slm), immediately after
the surface cleaning in ambient hydrogen at 1370 K for 10 min.

In order to show the necessary condition for the film formation at room temperature,
monomethylsilane gas is supplied to silicon substrate skipping the silicon surface cleaning
(Step (A)) of the process shown in Figure 4. This resulted in no weight increase to indicate
no film formation; its surface was significantly etched by hydrogen chloride gas at 1070 K,
by Step (E) in Figure 4. Thus, the surface cleaning in ambient hydrogen (Step (A)) takes an
important role for the silicon carbide film formation from monomethylsilane gas at low
temperatures.

In order to verify the silicon carbide film formation, Figure 20 shows the XPS spectra of C 1s
of the 0.1 pm-thick deposited film which is obtained from monomethylsilane gas at room
temperature, and further etched by hydrogen chloride gas at 1070 K for 10 minutes,
following Steps (A), (D) and (E) shown in Figure 4. Figure 20 clearly shows the existence of
the Si-C bond at 283 eV. Because silicon atom bonding with the carbon atom is consistently
detected at 101 eV, the obtained film contains the Si-C bond.

20x10° —

Cls

Counts (-)

290 280
Binding energy (eV)
Fig. 20. XPS spectra of Cls of the silicon carbide film, obtained from monomethylsilane gas
and hydrogen chloride gas on silicon surface at room temperature after annealing in
hydrogen ambient. This film was further exposed to hydrogen chloride gas at 1070 K for 10
min before the XPS measurement.
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13. Stability of film

In order to evaluate the stability of the silicon carbide film formed at room temperature, the
obtained film is exposed to hydrogen chloride gas at 1070 K, following Step (C) in Figure 4;
its surface is compared with that of a silicon substrate after exposed to hydrogen chloride
gas.

Figure 21 shows SEM photograph of the silicon substrate surface and silicon carbide film.
Figure 21 (a) is the silicon substrate surface after etching using hydrogen chloride gas at the
flow rate of 0.1 slm diluted by hydrogen gas of 2 slm, at the substrate temperature of 1070 K
for 10 min, without silicon carbide film formation. This figure shows the existence of many
pits indicating the occurrence of etching by hydrogen chloride gas.

Figure 21 (b) shows the silicon carbide film surface formed using monomethylsilane gas of
0.069 slm at room temperature for 1 minute. This figure shows that there is no large pit at
the film surface. Next, this surface is exposed to hydrogen chloride gas at the flow rate of 0.1
slm diluted in hydrogen gas of 2 slm, at 1070 K for 10 min. This condition is exactly the same
as that performed for the silicon surface, shown in Fig, 21 (a). As shown in Figure 21 (c), a
considerable morphology change is not observed at the deposited film surface, except of
particles intentionally taken in order to clearly focus the surface for SEM observation.

Figure 22 is the TEM micrograph of the cross section of the silicon carbide film. The film,
shown in this figure, was obtained from monomethylsilane gas and hydrogen chloride gas
on silicon surface at room temperature after annealing at 1370 K in hydrogen ambient. This
film was further exposed to hydrogen chloride gas at 1070 K for 10 min, before the TEM
measurement.

Silicon substrate |— (a

H, annealin :
13%0K 10men | [HCIEtching |,
— 1070K
Deposition 0.1 slm
MMS 0.069 sIlm, RT

HCl Etchin
1070K ™

0.1 slm

(b) | 20 pm
Fig. 21. Surface of (a) silicon substrate after etching using hydrogen chloride gas at 1070 K for
10 min, (b) deposited film using monomethylsilane gas of 0.069 slm at room temperature, and
(c) the film of (b) further etched using hydrogen chloride gas at 1070 K for 10 min.

Figure 22 shows that the entire silicon substrate surface is sufficiently covered with the
silicon carbide film consisted of arranged many grains, diameter of which is about 0.2 - 0.3
um. The average film thickness in the observed area is about 0.3 um. Additionally, there are
no etch pit and pin-hole caused due to etching by hydrogen chloride gas at the silicon
carbide-silicon interface. Thus, the silicon carbide film deposited at room temperature is
stable in a hazardous ambient including hydrogen chloride gas.
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Fig. 22. TEM micrograph of the cross section of the silicon carbide film, shown in Figure 21 (c).

14. Film formation mechanism at room temperature

Based on the result that the surface cleaning in ambient hydrogen is necessary for producing
the silicon carbide film, the surface chemical process for the low temperature silicon carbide
formation using monomethylsilane gas is shown Figure 23.

The silicon carbide film formation is initiated by Step (i), as shown in Figure 23. At Step (i),
monomethylsilane molecule approaches to silicon dimer present at hydrogen-terminated
silicon surface. The silicon dimer is assumed to be broken in order to accept
monomethylsilane molecule. Here, Step (i) is for an initiation of the surface chemical
reaction; Steps (ii) and (iii) are for a repetition of the surface chemical reaction to produce
multilayer film. After Step (i), Processes 1, 2 and 3, are expected to occur.

At Step (i) in Process 1, silicon atom in monomethylsilane forms covalent bonds with silicon
atom of the substrate. Here, hydrogen radicals are produced. The hydrogen radicals bond to
the neighboring silicon atoms. At Step (iii) in Process 1, two hydrogen atoms are produced;
dangling bonds remain at the neighboring silicon atoms.

At Step (i) in Process 2, silicon atom in monomethylsilane forms covalent bonds with silicon
atom of the substrate, similar to Process 1. Next, one of the hydrogen radicals produced can
approach the hydrogen atom bonding with the carbon atoms in the chemisorbed
monomethylsilane molecule. At Step (iif) in Process 2, two hydrogen atoms are produced;
dangling bonds remain at the neighboring silicon atom and at the carbon atom in the
monomethylsilane.

At Step (ii) in Process 3, silicon atom in monomethylsilane forms covalent bonds with silicon
atom of the substrate, similar to Processes 1 and 2; one of the hydrogen radical produced can
approach the hydrogen atom bonding with the silicon atom in the chemisorbed
monomethylsilane molecule. At Step (iii) in Process 3, two hydrogen atoms are produced;
dangling bonds remain at the neighboring silicon atom and at the silicon atom in the
monomethylsilane. Because the dangling bonds formed after Step (iii) of Processes 1, 2 and 3,
can accept more monomethylsilane molecules, chemisorption of monomethylsilane is
expected to be spread and repeated over the substrate surface.
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Fig. 23. Surface processes 1, 2 and 3 for low temperature silicon carbide film growth. (i)
approach of monomethylsilane to silicon dimer at hydrogen-terminated silicon surface, (i)
chemisorption of monomethylsilane and production of hydrogen radicals, and (iii)
production of hydrogen molecules, and dangling bonds.

When Process 2 is slower than Process 3, a larger amount of C-H bond remains at the film
surface. Because this induces the C-H termination over the entire surface, the silicon carbide
film formation finally stops.

Here, silicon dimer was reported to be very weak (Redondo and Goddard III, 1982); many
research groups (Nakazawa and Suemitsu, 2000; Sutherland et al., 1997) reported the
occurrence of the dissociative adsorption of organosilane on silicon dimer at room
temperature. Additionally, Silvestrelli et al. (Silvestrelli et al., 2003) reported that SiH>CH3
can bond to silicon dimer, when monomethylsilane molecule vertically approached the
surface. Taking into account these previous studies, the surface process, shown in Figure 23,
is consistent with the results of the low temperature silicon carbide film formation and its
saturation, using monomethylsilane gas.
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15. Reactor cleaning using chlorine trifluoride gas

During the film deposition, the silicon carbide film is very often formed at various positions
in the reactor other than the substrate. Particularly, the susceptor suffers significant
deposition. When such a film becomes thick, small particles are produced from the film and
they attach at the film surface. This behaviour causes the quality deterioration of film
surface. Thus, the susceptor and the inner wall of the reactor should be cleaned after each
deposition.

Because silicon carbide is very stable material, as shown in Figure 21 (c), the cleaning of the
silicon carbide CVD reactor is quite difficult, except when using chlorine trifluoride gas
(Habuka et al., 2009).

Figure 24 (a) shows the quartz chamber which has a thick dark-brown-coloured film formed
at its inner surface. Because this thick film was formed from monomethylsilane gas at the
substrate temperature of higher than 1000 K, it is a mixture of silicon carbide and silicon.

SiC film

770K, CIF,

(©

Fig. 24. Photograph of quartz chamber (a) after silicon carbide film deposition using
monomethylsilane gas at high temperatures, (b) after cleaning using chlorine trifluoride gas
at 10% in ambient nitrogen and at 670 K, and (c) after cleaning using chlorine trifluoride gas
at 10% and 770 K.

Most of the deposited film is removed by chlorine trifluoride at its concentration of 10% gas
at 670 K, as shown in Figure 24 (b), within 5 minutes, although very small amount of silicon
carbide film remains. The remained film was removed again using chlorine trifluoride gas at
10 % and at 770 K, as shown in Figure 24 (c). Because very slight etching of quartz glass
occurs, the cleaning condition has been discussed by Miura et al. (Miura et al., 2009).

16. Conclusions

The 3C-silicon carbide thin film is formed on silicon surface using monomethylsilane gas at
the temperatures between room temperature and 1270 K. Although silicon, produced by
thermal decomposition in gas phase and substrate surface, is incorporated into the silicon
carbide film, it can be significantly reduced by means of the addition of hydrogen chloride
gas. Although the silicon carbide film formation saturates within 1 minute due to the surface
termination by C-H bonds, it can start again by means of annealing at 1270 K for removing
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hydrogen atoms. In order to develop the low-temperature silicon carbide film formation
process, monomethylsilane gas is introduced to silicon substrate at room temperature. After
the silicon surface is cleaned at 1370 K and cooled down in hydrogen ambient,
monomethylsilane molecule can adsorb on the silicon surface to produce silicon carbide
film, even at room temperature. Such the low temperature film formation is possible,
because the hydrogen terminated silicon surface has silicon dimer. The silicon carbide film
formed at room temperature is shown to be stable, because it can maintain after the etching
using hydrogen chloride gas at 1070 K.

Acknowledgments

The studies written in this Chapter were performed with Dr. Yutaka Miura, Mr. Takashi
Sekiguchi, Ms Satoko Kaneda, Mr. Mikiya Nishida, Ms. Mayuka Watanabe, Mr. Hiroshi
Ohmori, Mr. Yusuke Ando of Yokohama National University.

17. References

Ashurst,W. R.; Wijesundara, M. B. J.; Carraro, C. and Maboudian, R. (2004) Tribological
Impact of SiC Encapsulation of Released Polycrystalline Silicon Microstructures,
Tribology Lett, 17, 195-198.

Boo, J. H.; Ustin, S. A. and Ho, W. (1999) Low-temperature epitaxial growth of cubic SiC thin
films on Si(111) using supersonic molecular jet of single source precursors, Thin
Solid Films, 343-344, 650-655.

Greenwood,N. N. and Earnshaw, A. (1997) Chemistry of the Elements, (Butterworth and
Heinemann, Oxford).

Habuka, H.; Nagoya, T.; Mayusumi, M.; Katayama, M.; Shimada M. and Okuyama, K.
(1996) Model on transport phenomena and epitaxial growth of silicon thin film in
SiHClz---H; system under atmospheric pressure, . Cryst. Growth, 169, 61-72.

Habuka, H.; Suzuki, T.; Yamamoto, S.; Nakamura, A.; Takeuchi, T. and Aihara, M. (2005)
Dominant rate process of silicon surface etching by hydrogen chloride gas, Thin
Solid Films, 489, 104-110.

Habuka, H.; Watanabe, M.; Miura, Y.; Nishida, M. and Sekiguchi, T. (2007a) Polycrystalline
silicon carbide film deposition using monomethylsilane and hydrogen chloride
gases, J. Cryst. Growth, 300 (2007) 374-381.

Habuka, H.; Watanabe, M.; Nishida, M. and Sekiguchi, T. (2007b) Polycrystalline Silicon
Carbide Film Deposition Using Monomethylsilane and Hydrogen Chloride Gases,
Surf. Coat. Tech., 201, 8961-8965.

Habuka, H.; Tanaka, K., Katsumi, Y. Takechi, N.; Fukae, K. and Kato, T. (2009)
Temperature-Dependent Behavior of 4H-Silicon Carbide Surface Morphology
Etched Using Chlorine Trifluoride Gas, |. Electrochem. Soc., 156, H971-H975.

Habuka, H.; Ohmori, H. and Ando, Y. (2010) Silicon Carbide Film Deposition at Low
Temperatures Using Monomethylsilane Gas, Surf. Coat. Tech. 204, 1432-1437.

Ikoma, Y.; Endo, T.; Watanabe, F. and Motooka, T. (1999) Growth of Ultrathin Epitaxial 3C-
SiC Films on Si(100) by Pulsed Supersonic Free Jets of CH3SiH3 Jpn. |. Appl. Phys.,
38, L301-303.

www.intechopen.com



76 Properties and Applications of Silicon Carbide

Ishiwari, S.; Kato, H. and Habuka, H. (2001) Development of Evaluation Method for Organic
Contamination on Silicon Wafer Surfaces, J. Electrochem. Soc., 148, G644-G648.

Kagaku Binran (Iwanami, Tokyo, 1984) 3rd ed. [in Japanese].

Kimoto, T. and Matsunami, H. (1994) Surface kinetics of adatoms in vapor phase epitaxial
growth of SiC on 6H - SiC{0001} vicinal surfaces, J. Appl. Phys., 75, 850-859.

Liu, C. W. and Sturm, J. C. (1997) Low temperature chemical vapor deposition growth of -
SiC on (100) Si using methylsilane and device characteristics, J. Appl. Phys., 82, 4558-
4567.

MacMillan, M. E.; Devaty, R. P.; Choyke, W. J. ; Goldstein, D. R.; Spanier, ]J. E. and Kurtz, A.
D. (1996) Infrared reflectance of thick p - type porous SiC layers, J. Appl. Phys., 80,
2412-2419.

Madapura, S.; Steckl, A. J. and Loboda, M. (1999) Heteroepitaxial Growth of SiC on Si(100)
and (111) by Chemical Vapor Deposition Using Trimethylsilane, J. Electrochem. Soc.,
146, 1197-1202.

Mehregany, M.; Zorman, C. A.; Roy, S.; Fleischman, A. J.; Wu, C. H.; and Rajan, N. (2000)
Silicon carbide for microelectromechanical systems, Int. Mat. Rev.,45,85-108.
Miura,Y. ; Kasahara, Y.; Habuka, H.; Takechi, N. and Fukae, K. (2009) Etching Rate of Silicon

Dioxide Using Chlorine Trifluoride Gas, Jpn. J. Appl. Phys., 48, 026504.

Myers, R. L.; Shishkin, Y.; Kordina, O. and Saddow, S. E.; (2005) High growth rates
(>30 pm/h) of 4H-SiC epitaxial layers using a horizontal hot-wall CVD reactor, |.
Cryst. Growth, 285, 486-490

Nakazawa, H. and Suemitsu, M. (2000) Dissociative adsorption of monomethylsilane on
Si(100) as revealed by comparative temperature-programmed desorption studies
on H/, CHy/, and MMS/Si(100), Appl. Surf. Sci. 162-163, 139-145.

Rajan, N.; Mehregany, M.; Zorman, C. A,; Stefanescu, S. and Kicher, T. P. (1999) Fabrication
and testing of micromachined silicon carbide and nickel fuel atomizers for gas
turbine engines, . Microelectromech. Sys., 8, 251-257

Redondo, A. and Goddard III, W. A. (1982) Electronic correlation and the Si(100) surface:
Buckling versus nonbuckling, J. Vac. Sci. Technol., 21, 344-350.

Sanchez, E. R. and Sibener, S. (2002) Low-Temperature Growth of Epitaxial p-SiC on Si(100)
Using Supersonic Molecular Beams of Methylsilane, J. Phys. Chem. B, 106, 8019-
8028.

Silvestrelli, P. L.; Sbraccia, C.; Romero, A. H. and Ancilotto, F. (2003) Dissociative
chemisorption of methylsilane and methylchloride on the Si(1 0 0) surface from first
principles, Surf. Sci., 532, 957-962.

Stoldt, C. R,; Carraro, C.; Ashurst, W. R.; Gao, D.; Howe, R. T. and Maboudian, R. (2002) A
low-temperature CVD process for silicon carbide MEMS, Sensors and Actuators a-
Physical, 97-98, 410-415

Sutherland, D. G. J; Terminello, L. J.; Carlisle, ]. A;Jimenez, 1. ; Himpsel, F. J.; Baines, K. M.;
Shuh, D. K. and Tong, W. M. (1997) The chemisorption of H>C[Si(CHs)s]. and
Sis(CHs)12 on Si(100) surfaces, J. Appl. Phys., 82, 3567-3571.

Yoon, H. G; Boo, J. H.; Liu, W. L;; Lee, S. B.; Park, S. C. and Kang, H. (2000) In situ study of
the formation of SiC thin films on Si(111) surfaces with 1,3-disilabutane:
Adsorption properties and initial deposition characteristics, J. Vac. Sci. Technol. A18,
1464-1468.

www.intechopen.com



Properties and Applications of Silicon Carbide
Edited by Prof. Rosario Gerhardt

ISBN 978-953-307-201-2

Hard cover, 536 pages

Publisher InTech

Published online 04, April, 2011
Published in print edition April, 2011

In this book, we explore an eclectic mix of articles that highlight some new potential applications of SiC and
different ways to achieve specific properties. Some articles describe well-established processing methods,
while others highlight phase equilibria or machining methods. A resurgence of interest in the structural arena is
evident, while new ways to utilize the interesting electromagnetic properties of SiC continue to increase.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Hitoshi Habuka (2011). Low Temperature Chemical Vapour Deposition of Polycrystalline Silicon Carbide Film
Using Monomethylsilane Gas, Properties and Applications of Silicon Carbide, Prof. Rosario Gerhardt (Ed.),
ISBN: 978-953-307-201-2, InTech, Available from: http://www.intechopen.com/books/properties-and-
applications-of-silicon-carbide/low-temperature-chemical-vapour-deposition-of-polycrystalline-silicon-carbide-
film-using-monomethyls

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBMIERFEK6SS LiEEPrREB ARG DA 4058 TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2011 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and

derivative works building on this content are distributed under the same
license.




