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Novel organometallic precursors, 1,3-bis(monobromosilyl)propane, 1,2-bis(monobromosilyl)- 
ethane, and methyltribromosilane, for low-temperature deposition of p-SiC have been 
developed, and the kinetics and mechanism of their decomposition investigated. On the 
basis of the results, heteroepitaxial thin films of p-Sic with very good structural quality 
have been deposited on (100) Si using methyltribromosilane and methyltrichlorosilane. 

Introduction 

Silicon dominates the microelectronics and microma- 
chining technology because of its excellent physical, 
chemical, and mechanical properties. However, in 
several areas of applications, P-SiC (or 3C-Sic) is 
considered a more promising material for electronic and 
micromechanical devices operating at high tempera- 
tures.l Its main advantages are high bandgap of 2.2 
eV, high breakdown field of 4 x 10GV/cm, high saturated 
carrier velocity of 2.5 x lo7 c d s ,  high thermal conduc- 
tivity of 5 W/cm "C, and chemical stability. 

In addition, because of its high melting point of about 
2600 "C p-Sic retains its excellent mechanical proper- 
ties (hardness of 2600 Vickers (kg/mm2) and elastic 
modulus of 480 GPa) up to a temperature of 1100 "C, 
whereas silicon shows plastic flow under stress already 
above 600 "C. Therefore, Sic is likely to replace silicon 
in electronics and micromechanical devices operating at 
high temperatures and in an aggressive environment. 
For the same reasons Sic is also an attractive material 
for high-power and high-frequency devices. Other ap- 
plications are U V  photodetectors, blue light emitters, 
and sensors for chemically aggressive  environment^.^-^ 
Last but not least, much of the processing steps are com- 
patible with the silicon technology. Among the many 
polytypes, cubic p-Sic (or 3C Sic) is the only one which 
can be heteroepitaxially deposited on silicon substrates. 
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As P-SiC is a metastable polytype8 no bulk single- 
crystalline material can be grown. One possible solution 
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needed in the conventional CVD systemsg prevent the 
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already contain Si-C bond and could provide high- 
quality films at lower temperatures. Methyltrichlorosi- 
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However, the reaction proceeds only at high tempera- 
tures of 1200-1300 "C, and the Si-C bonds breaks 
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Figure 1. Schematic of the CVD growth reactor used for the 
deposition of Sic films. 

nated precursors compared to the chlorinated ones are  
lower reaction temperatures and reduced incorporation 
of bromine into the deposit as compared to their 
chlorinated counterparts. Their disadvantage lies in  the 
fact that they are  not commercially available and have 
to be synthesized via sophisticated routes.22 

In parallel to these studies we have also utilized 
methyltrichlorosilane under low-pressure, cold-wall con- 
ditions where the heterogeneous decomposition at the 
surface of the growing film should be dominant over the 
homogeneous pyrolysis. In this way we hoped to avoid 
the problems of the preferential breaking of the Si-C 
bond. 
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Experimental Section 

The synthesis and the purification of the brominated car- 
bosilane precursors was reported in ref 22. Methyltrichlorosi- 
lane was provided by EPICHEM.23 The deposition experi- 
ments were done in a cold-wall, ultrahigh-vacuum WHY) 
compatible apparatus made of stainless steel and evacuated 
by means of turbomolecular pumps as shown in Figure 1. It 
consists of a vacuum load-lock, the reactor, and a mass 
spectrometric UHV chamber for the analysis of the gas 
composition during the deposition. During the MS measure- 
ments the gate valve between the reactor and the MS chamber 
was closed, and the gas was sampled through a bypass with a 
leak valve in order to keep the total pressure in the MS 
chamber at about mbar. Silicon substrates, 50 mm long 
and 8 mm wide, cut from a Si(100) wafer (p-type, 0.1 S2 cm) 
were heated directly by electric current passing through them, 
and the temperature was measured with a pyrometer on the 
top of the reactor. The clamps and electric feedthrough were 
mounted on a vacuum manipulator and cooled by thermosta- 
tized water. The precursor was vaporized in a bubbler the 
temperature of which was controlled by a thermostat with an 
accuracy better than f 0 . 1  "C. Because of the high vapor 
pressures of methyltrichlorosilane and methyltribromosilane, 
their flow rate into the reactor was controlled by a stainless 
steel leak valve. 

Except for the deposition experiments, the reactor and the 
MS chamber were kept under UHV (typically better than 
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Figure 2. Comparison of Sic deposition rates from 1,2-bis- 
(monobromosilylkthane (BSE) and methyltrichlorosilane (MTS; 
for experimental details see text). 

mbar) the residual gas consisting mainly of the reaction 
products. For a change of the substrate the gate valve between 
the load-lock and the reactor was closed, the reactor was 
evacuated via the MS chamber and the load-lock vented with 
argon. After mounting of the substrate and evacuation of the 
load-lock, the gate valve to the reactor was opened only when 
the pressure in the load-lock decreased below 

"he substrate was cleaned with the RCA process and 
mounted on the manipulator. Afterward it was heated to 
t 1200 "C in hydrogen (typically pressure of 10 mbar) for about 
10 min. After the cleaning, the desired pressure of the 
precursor was adjusted by the stainless steel leak valve and 
the deposition started. This procedure assured ultraclean 
conditions for the deposition. Most of the deposition experi- 
ments were done with 10 mbar hydrogen and the partial 
pressure of the precursor indicated in the figure captions. The 
extent deposition conditions for the individual series are 
indicated in text. 

mbar. 

Results 

l,!&Bis(monobmmosilyl)ethane and 1,8Bis(mono- 
bromosily1)propane. The initial investigations into 
the kinetics and mechanism of the deposition reactions 
were carried out with 1,2-bis(monobromosilyl)ethane 
and 1,3-bis(monobromosilyl)propane, which were ex- 
pected to have lower decomposition temperature as 
compared with methyltribromosilane. "he partial pres- 
sure of the precursors was controlled via the tempera- 
ture of the bubbler at a value indicated in the figures. 
The pressure of hydrogen was kept constant at 10 mbar 
in most experiments except for those with l,a-bis(mono- 
bromosi1yl)ethane (BSE) and one series with methyl- 
trichlorosilane which is shown in Figure 2. In the case 
of BSE most of the experiments were conducted without 
hydrogen, and no change in the deposition rate was 
found as compared to experiments with hydrogen. From 
the Arrhenius plot of the growth rate obtained with the 
1,2-bis(monobromosilyl)ethane (Figure 2) it appears that  
under the same conditions (partial pressure 0.1 mbar, 
temperature between 1000 and 1200 "C) this precursor 
provides deposition rates more than 2 orders of magni- 
tude higher than methyltrichlorosilane (MTS). The 
change of the slope around 600 "C indicates a change 
of the reaction mechanism, that around 950 "C a 
transition from kinetically to transport-controlled re- 
gime. The Raman spectra of the deposited films (Figure 
3a) show that only a-Si is deposited in the low-temper 
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Figure 3. (a, top) Raman spectra of three amorphous films 
deposited from 1,2-bis(monobromosilyl)ethane (BSE) at dif- 
ferent temperatures under otherwise equal conditions (p(BSE) 
0.1 mbar). (b, bottom) Raman spectrum of a crystalline 3C- 
Sic film deposited from 1,2-bis(monobromosilyl)ethane (BSE) 
at 1100 "C and pht 0.02 mbar; thickness of the film 5.5 pm. 

ature regime (~600 "C) characterized by an activation 
energy of 1.72 eV. (Notice that the r25' signal from the 
silicon substrate is not seen in Figure 3a because of the 
high absorption coefficient of a-Si as compared with 
p-Sic in Figure 3b.) A mixture of a-Si and a-Sic is 
found in the high-temperature regime (650-950 "C) 
with an activation energy of 0.96 eV. Only above 1000 
"C stoichiometric, crystalline p-Sic is obtained. At a 
deposition temperature of 1100 "C and a high rate of 
0.91 d s  pure p-Sic is obtained as seen in the Raman 
spectrum shown in Figure 3b. Only the longitudinal 
and transversal optical phonon modes (LO and TO) of 
p-Sic are ~ r e s e n t . ~ ~ - ~ ~  The r25' central phonon mode 
of the silicon substrate at 520 cm-l and its overtone (a 
broad feature between about 950 and 1000 cm-l un- 
derneath the B-SiC LO mode) appear due to the high 
optical transmission of the film. 

These findings are krther supported by gas-phase 
mass spectroscopic studies which show a temperature- 
dependent decrease of the BSE concentrations and 
concomitant increase of the reaction products ethene 
and HBr. As no signals corresponding to other species 
were seen, the decomposition proceeds via a reaction 
scheme shown in Figure 4. Also the X-ray diffraction 
(XRD) study agrees with the Raman data showing a 
crystalline pattern only from films deposited above 1000 
"C (not shown here). X-ray photoelectron spectroscopic 
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Figure 4. Mechanism of the thermal decomposition of 1,2- 
bis(monobromosily1)ethane (BSE) at temperatures below 900 
"C. 

(XPS) measurements of the composition of the films 
show large excess of silicon at  low temperature (e.g., 
Si/c ratio of about 4 at Tdep = 550 "C) which decreases 
to the stoichiometric value of 1 at  about 1050 "C and 
remains constant at higher temperatures. Similar 
results were obtained also with 1,3-bis(monobromosilyl)- 
propane at significantly higher deposition rates (not 
shown here). 

To summarize: The investigation into the thermal 
decomposition of 1,2-bis(monobromosilyl)ethane and 1,3- 
bis(monobromosily1)propane have shown that the initial 
step of the reaction is the breaking of the Si-C bond 
followed by a fast reaction of the monobromosilyl radical 
with the surface of the growing film yielding HBr and 
H2 as reaction products as schematically illustrated in 
Figure 4. As ethylene, which has been identified as a 
gaseous product at all temperatures below 900 "C by 
the MS data, does not decompose below 600 "C, es- 
sentially a-Si is deposited in this temperature range 
(see Figures 2 and 3a). Above 600 "C ethylene decom- 
position commences yielding a mixture of a-Si and 
a-Sic, (Figures 2 and 3a). Only at temperatures above 
1000 "C the ethylene reactivity is sufficient to yield 
stoichiometric crystalline p-Sic. Nevertheless, a depo- 
sition temperature of 21200 "C is necessary to obtain 
epitaxial films (XRD data, not shown here). However, 
the relatively high intensity of the TO mode in the 
Raman spectrum, which is forbidden in the back reflec- 
tion spectrometry used in the present work, indicates 
that the films contain too many defects and surface 
roughness. 

So far, the suggested mechanism is in accordance with 
the experimental data. Of course, we cannot rule out 
the possibility that a new reaction channel becomes 
operating at high temperatures in which the decomposi- 
tion of BSE and BSP occurs directly a t  the surface 
without breaking the Si-C bond. It is also not abso- 
lutely sure if the heterogeneous decomposition domi- 
nates. We think that it is dominant because of the cold- 
wall reactor arrangement, relatively low pressure, and 
absence of any comparably fast deposition at substrate 
holder near to the hot wafer. These questions requires 
further studies. 

Comparative Study of the Deposition from 
Methyltribromosilane and Methyltrichlorosilane. 
Due to the relatively complicated synthesis of methyl- 
tribromosilane (MTBS),22 only a small amount of this 
precursor was available in ca. 99.5 mol % purity. Some 
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Figure 5. Comparison of Sic deposition rates from methyl- 
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Figure 7. (a, top) X-ray diffractogram of a 3C-Sic film grown 
from methyltrichlorosilane (MTS) at 1200 "C, HflTS 20, ptot 
10.5 mbar; thickness of the film 4.7 pm. (b, bottom) X-ray 
diffractogram from (a) at an expanded intensity scale, showing 
the absence of any (hkl) reflection with k, 1 * 0 at the intensity 
ratio with respect to that of the (200) reflection of 3C- 
Sic. 

substrate and the p-Sic film requires much thicker 

These preliminary results show that MTBS is a 
promising new organometallic precursor for heteroepi- 
taxy of ,&Sic at  temperatures lower than those conven- 
tionally used. The relatively high concentration of 
structural defects, as compared with the films deposited 
from MTS, is due probably to the residual impurities 
and small thickness. Therefore we are currently de- 
veloping a new method for an easier synthesis and 
better purification of large quantities of methyltribro- 
mosilane in order to be able to also deposit thick films. 

Since high-grade methyltrichlorosilane (MTS) is com- 
mercially available,23 we have also investigated the 
possibilities of improving the quality of the epitaxial 
P-SiC deposition from this precursor. Figure 7 shows 
the X-ray diffraction pattern of a film grown at 1200 "C 
and at relatively high deposition rate of 0.24 n d s  (0.85 
p m h ) .  Only the (200) and (400) reflections of p-Sic and 
the (400) reflection of the (100) Si substrate are detected. 
Even on an expanded intensity scale (Figure 7b) no 
(1111, (2201, and (222) reflections of p-Sic or any other 
polytypes are visible. The detection limit, i.e., the 
intensity ratio of the (111) (220) (222) reflections to that 
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Figure 8. Raman spectra of three crystalline films, grown 
from methyltrichlorosilane for different deposition times under 
equal conditions (Tdep 1200 "C, H m T S  20, ptot 10.5 mbar). 
Thickness of the films as indicated. 

of the (200) peak of p-Sic, is less than The fwhm 
of the (200) B-SiC peak of 0.06" and that of (400) of 0.12" 
are comparable with those of commercially available 
/?-Sic epifilms from CREE Research Co., which were 
grown, however, at higher  temperature^.^^^^^^^ 

Compared with the films deposited from MTS by 
other researchers, our films seem to be of much better 
epitaxial nature because the majority of the papers 
reports only the deposition of polycrystalline films in 
the temperature range 1200-1400 "C (e.g., ref 17). 
Only Nishino and Saraie succeeded preparing highly 
oriented, almost epitaxial films at 1300 "C and probably 
very low deposition rates.16 Unfortunately the reflection 
electron diffraction pattern reported in that paper does 
not allow us an exact comparison of the film quality on 
the basis of fwhm. The scanning electron micrographs16 
show clearly, however, that even the best films have 
rough surfaces. At 1200 "C, which have been used in 
our study, only polycrystalline films were obtained by 
these researchers.16 More detailed comparison of the 
epitaxial quality of our film with other work is in 
progress and will be published later.30 

The good structural quality of these films is further 
supported by the Raman spectra shown in Figure 8 and 
the polar diagram in Figure 9. Figure 8 shows the 
Raman spectra of three films deposited at  1200 "C for 
different deposition times yielding the thickness indi- 
cated in the spectra. Only the LO (at 971 cm-l) and 
TO mode (at 795 cm-l) of p-Sic and the signal of the Si 
substrate appear. With increasing thickness of the 
p-Sic film the intensity of the allowed LO mode 
increases relative to that of the forbidden TO mode, 
indicating improving quality of the thicker films. The 
appearance of the forbidden TO mode of Sic is due 
predominantly to the surface roughness.29 These re- 
sults are further supported by polar XRD diagrams 
which show also a perfect lateral alignment (not shown 
here). 

The epitaxial nature of these films is finally supported 
by the polar Raman diagram in Figure 9. These data 
were obtained by rotating the electrical field vector of 
the incident laser beam and recording the intensity of 
the LO signal in the Raman spectrum. They show that 

Angle 

2000 4000 6000 8000 

Intensity (r. u.) 
Figure 9. Polar Raman spectrum of a crystalline 3C-Sic film 
grown from methyltrichlorosilane at 1200 "C, H m T S  20, and 
ptot 10.5 mbar; thickness of the film 4.7 pm, 

the /3-Sic film and the Si substrate are laterally aligned. 
The somewhat higher relative intensity of the LO mode 
at 45" is due to the surface roughness mentioned above. 

Conclusions 

The results presented in this paper have shown that 
the brominated carbosilane precursors provide deposi- 
tion rates orders of magnitude higher than methyl- 
trichlorosilane with the reactivity decreasing from 1,3- 
bis(monobromosily1)propane to 1,2-bis(monobromosilyl)- 
ethane and to methyltribromosilane. Epitaxial films of 
p-Sic could be deposited on (100) Si substrates from 
methyltribromosilane and methyltrichlorosilane without 
any buffer layer at temperatures as low as 1200 "C. The 
quality of the films deposited from methyltribromosilane 
is less satisfactory than that of films deposited from 
methyltrichlorosilane due probably to residual impuri- 
ties in the former and small thickness of the films.30 
Therefore, our current work concentrates on the devel- 
opment of an improved preparation for large quantities 
of pure methyltribromosilane. This should allow us a 
further decrease of the deposition temperature. 

The very good structural quality of the epitaxial films 
deposited from methyltrichlorosilane at  1200 "C, as 
compared with the results published by other groups, 
without any buffer layer is encouraging. The results 
clearly demonstrate that further improvements require 
a better control of the initial stage of the film growth. 
For this reason we are currently developing a new time- 
dependent temperature program for this stage of the 
growth. Preliminary results have shown that a signifi- 
cant improvement can be achieved. The results of these 
studies will be published in a paper to  f ~ l l ~ ~ . ~ ~  
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