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The silicon epitaxial growth behaviour was studied as an application of the parallel-Langmuir 

process using SiH2Cl2 gas and SiH3CH3 gas. The SiH3CH3 gas was used for in situ producing the 

SiHx gas by thermal decomposition in the reactor. With the increasing gas concentration of 

SiH3CH3, several results were obtained, such as (i) the silicon epitaxial growth rate increased 

exceeding the value saturated using the SiH2Cl2, (ii) the gas phase concentrations of the 

chlorosilanes at the exhaust decreased, (iii) the byproduct deposition at the exhaust decreased, 

and (iv) the gas phase concentration of HCl at the exhaust decreased.  As a conclusion, the SiHx 

helped consuming the SiH2Cl2 gas for producing a silicon epitaxial film with reducing the 

byproduct deposition. Additionally, the SiHx might produce SiH2Cl2 in the gas phase by the 

reaction with the HCl gas.  
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1. Introduction 

For producing various electronic devices  [1-3], silicon epitaxial films are prepared using 

trichlorosilane (SiHCl3), dichlorosilane (SiH2Cl2), silane (SiH4) and disilane (Si2H6) gases, in 

ambient hydrogen (H2). For satisfying the expanding demands for technologies including the 

information, communication and power control, the silicon epitaxial growth process should have 

a high productivity. For this purpose, the epitaxial growth rate is one of the key issues.  

Generally, the epitaxial growth rate can be increased by the increasing precursor supply. 

However, the silicon epitaxial growth rate in a chlorosilane-hydrogen system undergoes a 

saturation following the Eley-Rideal model [4, 5], when the surface is fully covered with the 

intermediate species at the sufficiently high chlorosilane concentrations. The issue for improving 

the epitaxial growth productivity is an additional process for exceeding such a saturation.  

For this purpose, silicon hydride, SiHx, was found to help overcome the growth rate 

saturation in the SiHCl3-H2 system, as reported in previous studies [6-8]. The mechanism was 

explained by the Langmuir processes, which were multiple and parallel at the surface. For 

expanding the application of this concept, the SiH2Cl2 gas [1, 9-11] should be studied as to 

whether it showed a behavior similar to the SiHCl3 gas, because it was also a major precursor for 

the silicon epitaxial growth. Although the combination of SiH2Cl2 and SiH4 was mainly 

evaluated by the plasma enhanced chemical vapour deposition (PECVD) [12-16], the thermal 

CVD process has been scarce [17-20].  
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The additional scientific advantage of SiH2Cl2 is fewer chlorine atoms which might 

experimentally clarify the chemical reaction of HCl with SiHx for producing chlorosilanes in the 

gas phase.  

In this study, the behavior of the silicon epitaxial growth rate in the SiH2Cl2-SiHx-H2 

system was studied in detail for developing the silicon epitaxial process having a high 

productivity by applying the parallel-Langmuir process [6-8]. Additionally, the gas phase 

chemical reactions of HCl with SiHx were experimentally evaluated.  

 

2. Rate theory 

Accounting for the parallel processes consisting of multiple precursors in various fields 

[17-24], the parallel-Langmuir process for the silicon epitaxial growth in a SiH2Cl2-SiHx-H2 

system is assumed, as shown in Fig. 1, similar to that in the SiHCl3-SiHx-H2 system [6-8]. In 

order to focus on the rate process governing the growth rate, the surface reactions and their 

reaction rates are assumed based on the following equations.  

(A) Silicon epitaxial film production by SiH2Cl2 [1, 9]:  

 

SiH2Cl2 →∗ SiCl2 + H2,      (1A) 


�� = ����1 − ���SiH2Cl2�.      (1B) 

∗ SiCl2 + H2 →∗ Si + 2HCl,      (2A) 


�,� = ��,���H2�.       (2B) 

∗ SiCl2 + SiHx → 2 ∗ Si + 2HCl + ��� − 2�/2�H2.   (3A) 
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�,� = 2��,���SiHx�.       (3B) 

“*” indicates the surface chemical species. � is the surface coverage by *SiCl2.  

(B) Silicon epitaxial film production by SiHx [1]: 

 

SiH� →∗ Si + ��/2�H� .       (4A) 

 
D = �D�1 − ���SiHx�.       (4B) 

 

(C) The desorption of SiCl2 from the surface [25, 26] : 

 ∗ SiCl2 → SiCl2.        (5A) 


ds = �ds�.        (5B) 

 

Based on the Eley-Rideal model of the SiH2Cl2-H2 system [1, 9], the silicon epitaxial 

growth is described by the following equation.  

 


G = %Ad%r, 1�H2��SiH2Cl2�
%r, 1�H2�(%Ad�SiH2Cl2�.      (6) 

 

When the kAd[SiH2Cl2] is significantly greater than kr, 1[H2], for increasing the growth rate by 

means of the high precursor concentration, the silicon epitaxial growth rate depends only on the 

H2 gas concentration.  

 

 
G ≅ �r, 1�H2�.        (7) 
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Because the H2 gas concentration is limited to that determined by the ambient pressure, 

equation (7) shows the upper limit, that is, it undergoes saturation.   

Using equations (1A) – (5A), the θ  value and the silicon film formation rate, VG, were 

obtained taking into account the mass balance of the *SiCl2.  

 

� = %Ad�SiH2Cl2�
�%Ad�SiH2Cl2�(%r, 1�H2�(�%r, 2�SiHx�(%ds�     (8) 


* = 
�,� + 
�,� + 
+ = �%r, 1�H2�(�%r, 2�SiHx���%Ad�SiH2Cl2�(%D�SiHx��(%ds%D�SiHx�
�%Ad�SiH2Cl2�(%r, 1�H2�(�%r, 2�SiHx�(%ds�   (9) 

 

When kAd[SiH2Cl2]  is significantly greater than kr, 1[H2] , 2kr, 2[SiHx], kds  and  kD[SiHx], the 

silicon epitaxial growth rate simply depends on the gas concentrations of H2 and SiHx, as 

equation (10).  

 


* ≅ �r, 1�H2� + 2�r, 2�SiHx�       (10) 

 

As predicted by this equation, the silicon epitaxial growth rate in this system does not 

saturate, even when the SiH2Cl2 concentration is significantly high.  

 

3. Experimental procedure 
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The silicon epitaxial film was formed using the reactor shown in Fig. 2. The (100) silicon 

wafer placed in the chamber was heated by halogen lamps. The chemical reaction was performed 

under the cold wall thermal condition. The SiH3CH3 gas and the SiH2Cl2 gas (Tri Chemical 

Laboratories, Inc., Yamanashi, Japan) were introduced with the H2 gas  (99.9999%, Sumitomo 

Seika Chemicals Co., Ltd., Tokyo Japan) from the inlet at atmospheric pressure for 20 min. For 

safety reasons, this study used SiH3CH3 gas instead of SiH4 gas. The SiH3CH3 gas is supplied by 

vaporization from its liquid contained in a cylinder. It is very often used for producing silicon 

carbide thin films [27-30]. The SiH3CH3 gas is safely and thermally decomposed to produce 

SiHx with CHx in the gas phase [27].  The SiHx produced from the SiH3CH3 was assumed to have 

the same effect as that the SiH4 had. The H2 flow rate was fixed at 1.05 slm. The SiH3CH3 flow 

rate was 0 – 15 sccm, while the SiH2Cl2 flow rate was 5 - 20 sccm. The wafer temperature was 

measured using a R-type thermocouple in an ambient nitrogen at various voltages loaded to 

halogen lamps, prior to the deposition. The wafer was heated at the halogen lamp voltage which 

could heat the wafer to 600 oC in nitrogen ambient. Such the low temperature was chosen for 

suppressing the unnecessary gas phase reactions.  

This reactor did not have a susceptor for supporting the wafer. Additionally, a parasitic 

deposition on the chamber wall did not occur in this study. Thus, the depletion of any precursors 

did not occur before arriving at the wafer surface.  

A part of the exhaust gas was fed to the quadrupole mass (QMS) analyzer (PrismaPlus 

QMG220, Pfeiffer Vacuum, Germany). The exhaust flange attached at the end of the chamber 

had a connecting port to the quartz crystal microbalance (QCM) sensor (25MHz, detection limit: 
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0.5 ng cm-2 Hz-1, Halloran Electronics, Tokyo Japan). This sensor has a sufficient sensitivity and 

repeatability to detect any small weight change [25] less than that of the silicon monolayer (60 

ng cm-2). The frequency of the QCM sensor was monitored and recorded by a computer. The 

temperature of the exhaust flange was maintained lower than 40 oC during the silicon deposition 

process.  

The epitaxial film thickness was measured by the micrometer and by the weight change 

of the substrate. The carbon incorporation from CHx into the silicon epitaxial film was less than 

the detection limit of the X-ray photoelectron spectrometer (Quantera SXM, ULVAC-PHI 

Corp., Tokyo, Japan). In our previous study [6] performed in SiHCl3-SiHx-H2 system, the 

secondary ion mass spectrometry (SIMS) showed that the carbon concentration was lower than 

the detection limit. Thus, the carbon incorporation was assumed to have no influence on the 

growth rate, similar to the previous study [6]. 

 

4. Results and discussion 

4.1 Silicon epitaxial growth rate 

Figures 3 shows the measurement of the silicon epitaxial growth rate obtained in the 

SiH2Cl2-H2 system. Prior to this study, the epitaxial growth rate only by the SiHx was determined 

to be significantly lower than that by the SiH2Cl2. As shown in Fig. 3, while the epitaxial growth 

rate by the SiH2Cl2 increased with the increasing SiH2Cl2 gas concentration, it saturated at 0.2 

µm/min, which was the same rate as that saturated at 850 oC using the SiHCl3-H2 system in our 

previous study [6, 8]. The saturation behavior is explained by that predicted by equation (7). 
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Figure 4 shows the silicon epitaxial growth rate in the SiH2Cl2-SiHx-H2 system. With the 

increasing SiHx flow rate, the silicon epitaxial growth rate in this system increased from 0.2 to 

0.5 µm/min at the SiH2Cl2 gas concentrations of 10, 15 and 20 sccm, in a region where the 

silicon epitaxial growth rate saturated as shown in Fig. 3. This behavior was the same at the 

SiH2Cl2 gas concentrations of 10, 15 and 20 sccm. Thus, the silicon epitaxial growth rate was 

increased by the SiH3CH3 gas concentration, while it was not by the SiH2Cl2 gas concentration.  

The scattering of the growth rate in Fig. 4 might be due to the reproducibility of wafer 

temperature which sensitively influenced the growth rate at the temperatures in the reaction 

limited region. 

The tentative value of the rate constant obtained using the SiH3CH3 gas concentration at 

the inlet was 6 x 10-4 m s-1, although the correct value should be determined taking into account 

the transport phenomena in the entire reactor [4, 5 and 8].  For evaluating the epitaxial film 

quality, various measurements, such as SIMS, photo-luminescence (PL) and lifetime 

measurement, are necessary.  

Overall, this behavior was the same as that for the SiHCl3-SiHx-H2 system. Thus, the 

parallel-Langmuir process was possible for SiH2Cl2 in addition to SiHCl3.  

  

4.2 Gas phase species 

Figures 5 shows the mass spectra of the gas phase species contained in the exhaust gas 

during the silicon epitaxial growth measured by the QMS. When the epitaxial growth was 

performed using SiH2Cl2 and SiH3CH3 in ambient hydrogen, the SiCl2
+ group near 98 amu was 
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assigned to the SiH2Cl2 and the SiCl2. The SiCl2 gas was caused by the thermal decomposition of 

SiH2Cl2 and the desorption from the silicon surface based on equation (5A) [25, 26]. The peaks 

near 63 amu was assigned to the fragments of SiH2Cl2 and SiCl2. These were clearly observed 

with the byproduct of the HCl+ group near 36 amu. Because the partial pressure of the SiCl3+ 

group was significantly low, the SiHCl3 production by the gas phase reaction was negligible.  

The SiH3CH3 was observed as the SiHyCHz
+ group in the mass region from 40 to 46 amu. 

The partial pressure peaks in the mass region between 28 and 32 indicate the SiHx thermally 

decomposed in the gas phase and the fragment of SiH3CH3 occurred in the mass analyzer. The 

small peaks between 12 – 16 amu and that between 16 – 18 amu were assigned to CHx and H2O, 

respectively.   

Figure 5 clearly showed that there were no peaks of SiHCl2CH3 (mass 115) and 

SiH2ClCH3 (mass 80). This indicated that the gas phase temperature in the cold wall thermal 

condition was sufficiently low to suppress the gas phase reaction between HCl and SiH3CH3 

[27].  

The epitaxial growth rate increase in Fig. 4 should be achieved by the effective 

consumption of SiH2Cl2. Figure 6 shows the partial pressures of SiCl+, SiCl2+ and SiCl3+. With 

the increasing SiH3CH3 gas concentration, the partial pressure of the three chlorosilanes in the 

gas phase were shown to decrease. The summation of the normalized partial pressures were 

about 0.3 at the SiH3CH3 gas concentration of 0%. It decreased to less than 0.2 at the SiH3CH3 

gas concentration of 1%. Thus, the SiH3CH3 addition was considered to enhance the SiH2Cl2 

consumption.  
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Because the SiCl2
+ group contains the gas phase species of SiCl2, its decrease is expected 

to indicate the decrease in the SiCl2 gas concentration in the reactor. This assumption was 

verified by the QCM. Figure 7 shows the deposition behavior of the byproduct which was 

(SiCl2)n formed from the SiCl2 gas in the gas phase [25]. Although the plots show significant 

scatter, the highest values at the various SiH3CH3 concentrations showed that the byproduct 

deposition decreased with the increasing SiH3CH3 concentration.  

Next, the HCl gas concentration was evaluated. As indicated in Fig. 5, the HCl gas did 

not react with the SiH3CH3 gas, which could be stable because of the sufficiently low gas phase 

temperature. However, when the unstable intermediate species, such as the SiHx, coexisted in the 

gas phase, it was expected to react with the HCl gas to cause various species, such as SiH2Cl2.   

Figure 8 shows the partial pressure of the HCl+ group, normalized by that of the H2
+ group. 

While the normalized partial pressure of HCl+ was about 0.008 at the SiH3CH3 gas concentration 

of 0 %, it gradually decreased with the increasing SiH3CH3 gas concentration. At the SiH3CH3 

gas concentration of 1 %, the normalized partial pressure of HCl+ was about 0.004.  

 

4.3 SiH2Cl2 production in gas phase 

For evaluating the behavior of the HCl concentration in the gas phase, two chemical 

reactions to form the SiH2Cl2 were assumed, as shown in Fig. 9.  

The first one is the SiH2Cl2 production from SiCl2 and H2.  

 

SiCl2+H2→SiH2Cl2      (11A) 



11 
 


DCS1=�DCS1 �SiCl2��H2�      (11B) 

 

Equation (11A) is the reverse reaction of equation (1A) in the gas phase. The SiH2Cl2 is expected 

to have a reversible reaction with SiCl2 and H2 [10, 11]. However, the occurrence of equation 

(11A) cannot be verified by the QMS in this study, because the mass analyzer cannot accurately 

distinguish the SiCl2 gas from the SiH2Cl2 gas and its fragments.  

The second one is the SiH2Cl2 formation from SiHx and HCl.  

 

SiClx+2HCl → SiH2Cl2 + �,�
�  H2     (12A) 


DCS2=�DCS2 �SiHx��HCl�-      (12B) 

 

Equation (12B) was assumed to be the n-th order reaction. In the steady state and in the gas 

phase near the hot substrate surface, the summation of the HCl gas production rate by equations 

(2B) and (3B) was assumed to be the same as the HCl gas consumption rate by equation (12B). 

Additionally, equation (8) was taken into account to obtain the HCl gas concentration.  

 


r, 1 + �
� 
r, 2=
DCS2        (13) 

�r, 1θ �H2�+ �r, 2θ �SiHx�=�DCS2�SiHx��HCl�-    (14) 

�HCl�- = / %r, 1 �H2�
%DCS2�SiHx� + %r, 2

%DCS2
0 %Ad�SiH2Cl2�

%Ad�SiH2Cl2�(%r, 1 �H2�(�%r, 2�SiHx�(%ds
  (15) 
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Based on equation (15), the HCl gas concentration decreases with the increasing SiHx gas 

concentration. The SiHx gas produced from the SiH3CH3 gas was expected to react with the HCl 

gas to cause the SiH2Cl2 gas. Equation (15) qualitatively agreed with the trend shown in Fig. 8. 

Equation (12A) was considered to compensate the decrease in the SiH2Cl2 concentration due to 

the consumption by the silicon epitaxial film formation.  

This study focused on the reaction design. The further studies using wide conditions of 

the precursor concentration, the wafer temperature and the pressure should be performed. 

Additionally, the physical concepts, such as nucleation, phase change and super saturation, 

contained in the rate equation and the rate constant, should be extracted and clarified by any 

studies of the molecular dynamics, the quantum theory and the other methods.  

  

6. Conclusions 

The parallel-Langmuir process was evaluated for the silicon epitaxial growth in the 

SiH2Cl2-SiHx-H2 system. At a sufficiently high gas concentration of SiH2Cl2, while the silicon 

epitaxial growth rate saturated following the Eley-Rideal model, it exceeded and increased to a 

higher value with the increasing SiH3CH3 gas concentration. Simultaneously, at the exhaust, the 

chlorosilane gas concentration, the (*SiCl2)n deposition rate and the HCl gas concentration 

decreased. Based on these results, the SiHx gas was shown to have various roles, such as the 

acceleration of the *SiCl2 decomposition at the surface and the SiH2Cl2 gas production in the gas 

phase. The parallel-Langmuir process was concluded to be possible for the silicon epitaxial 
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growth in the SiH2Cl2-SiHx-H2 system in order to improve the productivity of the silicon 

epitaxial film. 
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Figure captions 

Figure 1.  Parallel-Langmuir process in a SiH2Cl2-SiHx-H2 system.  

Figure 2 Horizontal cold wall reactor for silicon epitaxial growth used in this study. 

Figure 3 Silicon epitaxial growth rate by SiH2Cl2 gas. 

Figure 4 Silicon epitaxial growth rate by SiH2Cl2 and SiHx gases. 

Figure 5 Mass spectra of chemical species contained in the exhaust gas of the SiH2Cl2-SiHx-H2 

system. 

Figure 6 Partial pressures of SiCl+, SiCl2+ and SiCl3+ groups.  

Figure 7 Byproduct (SiCl2)n deposition on QCM at various SiH3CH3 gas concentrations at the 

inlet.  

Figure 8 HCl partial pressure at various SiH3CH3 concentrations. 

Figure 9 Recycling between SiHx, HCl, H2 and SiH2Cl2 in the gas phase. 
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